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ABSTRACT 


Mining  Research  Corporation,  Inc.,  under  contract  with  Snow, 

Ice,  and  Permafrost  Research  Establishment,  Corps  of  Engineers, 

U.  S,  Army,  conducted  explosion  tests  in  frozen  Keweenaw  silt,  to 
determine:  (1)  the  most  efficient  type  of  explosive  for  blasts  in 
frozen  ground,  (Z)  the  fundamental  relation  between  weight  of 
explosive  and  depth  of  charge,  (3)  the  proper  position  of  the  charge 
relative  to  the  frozen-ground  interface,  (4)  the  feasibility  of 
fracturing  the  frozen  layer  by  placing  a  charge  in  the  underlying 
unfrozen  material,  and  (5)  the  effect  of  the  diameter  of  the  borehole 
and  of  the  shape  of  the  charge  upon  the  results  of  blasting. 

Information  obtained  from  the  tests  applies  to  the  specific  problem 
of  excavating  in  frozen  ground  and  to  fundamental  explosives  research. 
Conclusions  and  recommendations  based  on  this  information  are 
presented  here  concerning  the  feasibility  of  using  explosives  for  fox¬ 
holes  in  frozen  ground;  methods  of  placing  the  charge;  mechanics  of 
crater  formation;  the  crater  equation;  future  instrumentation; 
classification  of  explosives;  and  correlation  of  blast  data. 
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PREFACE 

i-t  vsszsxsrr  ■* p»—*  a„d 

was  influenced  in  turn  by  the  assocTahon  of  C  T  LiviS^  ThiS  research 

Department  of  Mining  Engineering  at  Colorado  Srh^l  If  m  (Jhtm  Head  of  the 
Protective  Construction  Branch,  Office  Chitf  of  F  °?,  Mm*s)  fs  consultant  to  the 

FoindSiodnbays  .Li^“*8toa,«  as*°ciation  with  CofiX School  of m£«  R  I1*0 
r  ounaation  as  Project  Manager  for  such  nrni c  7  ,  01  Mmes  Research 

Underground  Exploa ion  Tea, Program '  £ SfcW  'S, f”*  °f  '<* 

introduced  at  Colorado  School? Mines t  Jich  “ku?  W°^  gr/duate  courses  were 
excavation,  and  photoelasticity  Many  g^adua^stde !  *?  bar°dynam *«.  rock  ' 
studies  and  conducted  research  work  Lfdfna  ^  “,df,llt5Jbecame  interested  in  these 
and  Doctor  of  Science.  leading  toward  the  degrees  Master  of  Science 

the  Underground  Tes*  Prjg W^SeHe^lnd  I^E611  a<?Vance^  &reatlV  as  a  result  of 
Project3;  and  Cole's  report  on  Unde r water  E^ n  1  the  Bomb  p«netration 

expressed  by  the  writer  do  not  necessarilv  1  Th?u*h  the  opini°"8 

Engineers,  it  is  difficult  if  not  impossible to ^  °pinions  of  the  Corps  of 
problem  of  blasting  in  frozen  ground  —  (  a  fundamental  approach  to  the 

necessary  -  without  drawing  app™a<*  *• 

impractical  within  the  scope  of  this  recort  to  mneVi  „ter  P08sesses.  It  would  be 
It  would  be  impossible  to  repeat  all  theP background  v *  ^  afPlCt8  °f  th®  sub->ect:  also, 
planning  and  analysis  of  the  Keweenaw  Tests8  « search  that  has  influenced  the 

to  be  do^ eUgbS^isCf actory1"^ riteria  of^ockr^i/11  explosif  s  ^search,  much  remains 
beyond  the  present  bo*  in  u JlSaZ'tf  ^  ^  t0  p4*  ess 

subsidence.  It  is  impossible,  with  our  present  /  explosives  and  in  control  of 

great  mass  of  data  available  for  blasts  in  soUsandrnUn®6,'  t0  correlate  the 
select  —  on  other  than  a  cut-and-trv  basis  h,  d  ock8,  11  18  alt»o  impossible  to 
excavations  in  various  materials.  V  b  he  Pr°per  type  of  exPl«sive  for 

intermediategbetweeT those  of ^c^ anVs ^  T*6'  11  exhibits  Properties 

blasting  because  of  its  freedom  from  such  geologic  feat  mfdium  for  re8«arch  in 
jointing,  hydrothermal  alteration,  and  weatherbS  f®atu.re8  as  fracturing,  folding, 

r/od^amtcf6  °f  ^  t0gether  tb«  -bjfcts  " slfl  ^ 

Mines;  frlm Series"  Ian^E^  at  Colorado  School  of 

from  graduate  theses  directs  kim_a  '  omb  Penetration  Project3,  and 

2.  Livingston,  C.  W.  (1949)  Series  I  ,„h  tt  * 

Colorado  School  of  Mines  Eealrch  \.f  °ml;  Pe"e‘r,t‘™  Pgl»ct, 

4  Cole  R  H  riouoiM  ,  '  CONFIDENTIAL 

Princeton,  N.  J. :  Princeton 

5.  ^  See,  for  examples: 

Union,  vormriS'X - rr"**clit>ilr;/  the  American  Geophysical 

and  the  large  number  of  referenced  nm  jv j, 

contains,  .  .  ''  failure  th*t  each  of  these  publications 


CHAPTER  I.  INTRODUCTION  TO  PROBLEM 


1.  Previous  attempts  at  blasting  frozen  ground 

"Previous  military  experience  in  frozen  ground  has  shown  that  failure  of  troops  to 
be  able  to  entrench  themselves  properly  has  resulted  in  high  casualties  both  from  cold 
weather  and  from  enemy  fire.  Statistics1  show  that  casualties  from  frostbite  were 
decreased  from  800  men  to  4  men  in  a  single  day  as  a  result  of  adequate  entrenchment. 
However,  it  was  borne  out  in  this  report  that  large  quantities  of  explosives  (approxi¬ 
mately  10,  000  pounds  to  form  a  crater  to  hold  3  to  5  men)  were  required  to  form  the 
excavation  and  that  the  noise  accompanying  the  explosion  gave  the  impression  of  a  heavy 
barrage. 

"In  Exercise  Eager  Beaver  (combined  United  States  -  Canadian  Engineer  USER 
Trial  1951-1952)  various  methods  of  digging  fox-holes  with  explosives  were  tried. 

These  trials  showed  that  a  minimum  30-pound  shaped  charge  was  required  to  make  a 
borehole  and  at  least  20  pounds  of  explosive  was  needed  to  disturb  sufficient  earth  to 
permit  the  digging  of  a  regulation  foxhole.  The  report  stated  that  the  amount  of  any  type 
of  explosive  at  present  in  use  cannot  be  carried  by  the  infantry  man,  the  process  is  not 
safe  in  untrained  hands,  the  noise  resulting  from  the  method  is  considerable  and  attempts 
at  concealment  of  a  position  would  be  hampered.  "2 

Conferences  with  representatives  of  manufacturers  of  commercial  explosives,  whose 
experience  resulted  from  blasting  frozen  ground  in  open-cut  stripping  operations  for  coal 
and  iron  ore,  have  made  it  clear  that  considerable  difference  of  opinion  exists  regarding 
the  type  of  explosive  to  use.  Some  preferred  high-velocity  explosives;  others  preferred 
low-velocity  explosives.  Manufacturers'  representatives  were  unable  to  offer  specific 
data  on  the  quantity  of  explosive  required  and  on  the  size,  burden,  or  spacing  of  blast 
holes. 

2.  Necessity  for  fundamental  approach 

Blasting  results  depend  upon  physical,  elastic,  and  plastic  properties  of  the  material 
blasted  and  upon  physical  and  chemical  properties  of  the  explosive.  Numerous  failure 
criteria  have  been  proposed  by  investigators  who  approached  the  problem  from  the  basis 
of  statics.  Theories  also  have  been  proposed  by  those  who  have  approached  the  problem 
from  the  bases  of  dynamics  and  wave  propagation.  Yet,  none  of  these  theories  has 
advanced  to  the  state  where  accurate  predictions  of  damage  can  be  made  based  upon  the 
properties  of  the  material  and  upon  the  properties  of  the  explosive.  Much  experimental 
work  has  been  done  on  cratering  in  soils  and  in  various  types  of  rocks.  Penetration  of 
projectiles  into  soils,  reinforced  concrete,  and  rocks  has  been  studied.  Yet,  it  is 
impossible  to  correlate  all  the  data  available,  because  of  lack  of  knowledge  of 
fundamentals. 

As  a  starting  point  it  does  not  seem  unreasonable  to  assume  that  frozen  ground 
behaves  much  iike  a  rock.  Because  ice  is  the  cementing  material  which  converts  the  soil 
mass  into  a  solid,  it  seemed  reasonable  to  assume  in  planning  the  experiments  that  the 
elastic  properties  of  frozen  ground  are  related  in  some  manner  to  the  elastic  properties 
of  ice.  Reported  values3  of  Poisson's  ratio  for  ice,  as  determined  both  by  static  methods 
and  by  dynamic  methods  without  lateral  confinement,  range  from  0.  36  to  0.  38.  Judging 
from  this  range  of  values,  frozen  ground  may  behave  partly  as  an  elastic  and  partly  as  a 
plastic  medium.  It  is  possible  that  frozen  ground  may  exhibit  properties  intermediate 
between  those  of  soils  and  of  rocks.  It  is  conceivable,  therefore,  that  data  available  for 
blasts  in  both  soils  and  rocks  can  be  correlated  with  data  obtained  by  blasts  in  frozen 
ground  if  the  research  is  directed  towards  determining  the  fundamental  properties  of  the 
material  blasted  and  of  the  explosive  used. 


1.  Department  of  the  Army  (1951)  Military  Improvisation  During  the  Russian  Campaign, 
D.  A.  Pamphlet  20-201 ,  Historical  Study,  p.  23. 

2.  Boyd,  W.  K.  (  1953)  Minutes,  Consultant's  Conference, SIPRE  Project  on  Excavations 
in  Frozen  Ground,  10  November  1953. 

3.  Snow  Ice  and  Permafrost  Research  Establishment  (1951)  Review  of  Properties  of  Snow 
and  Ice,  (Report  4)  Corps  of  Engineers,  U.  S.  Army, ^p.  4-8. 
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3.  Terminology 

Various  terms  peculiar  to  explosives  research  are  used  in  this  report.  Terms 
relating  to  the  planning  of  field  experiments  and  the  analysis  of  data  are  defined  below. 
Other  terms  relating  to  classification  of  explosives  or  to  field  procedure  are  introduced 
and  discussed  in  the  appropriate  section.  Certain  terms,  such  as  optimum  weight  and 
maximum  effective  weight,  were  evolved  as  a  result  of  this  project.  They  are  defined 
here  and  discussed  further  in  their  appropriate  places. 

Borehole  pressure  is  the  peak  pressure  developed  by  the  gas  within  the  borehole  at 
the  instant  of  rock  failure.  Borehole  pressure  is  dependent  both  upon  the  material 
blasted  and  upon  the  explosive.  Explosion  pressure  is  dependent  only  upon  the  explosive. 

Burden  is  usually  measured  in  a  nearly  horizontal  direction.  It  is  the  shortest 
distance  between  the  center  of  gravity  of  an  explosive  charge  and  the  nearest  vertical 
f ree-face. 

Cartridge  strength  refers  to  the  bulk  strength  or  volume  strength  of  an  explosive. 
Manufacturers  have  not  agreed  on  a  standard,  but  it  is  generally  accepted  that  cartridge 
strength  should  be  referred  to  cartridges  l*/4  in.  in  diameter  by  8  in.  in  length  and 
weighing  50  lb  per  100  cartridges.  If  the  number  of  cartridges  per  50-lb  case  is  more 
than  100,  the  cartridge  strength  is  less  than  the  weight  strength. 

Critical  burden  is  that  burden  sufficient  to  retain  the  energy  of  the  explosion  without 
damage  to  a  vertical  free-face.  An  increase  in  weight  of  explosive  or  a  decrease  in 
burden  would  cause  the  vertical  face  to  be  destroyed. 

Critical  depth  is  the  minimum  depth  (measured  vertically  from  the  surface  to  the 
center  of  gravity  of  the  explosive  charge)  at  which  the  energy  of  the  explosion  is  dissi¬ 
pated  into  the  mass  of  earth  or  rock  without  visibly  damaging  the  surface  above  the 
charge. 

Critical  weight  is  that  weight  of  a  particular  explosive  which  satisfies  .the  critical- 
depth  requirement  for  a  particular  medium  and  for  a  given  depth. 

Depth  ratio  is  the  ratio  of  the  charge  depth  to  the  critical  depth.  Shallow  charges 
produce  excessive  noise  and  excessive  air-blast.  As  the  depth  of  the  charge  increases, 
the  proportion  of  the  energy  of  an  explosion  that  is  lost  into  the  atmosphere  decreases. 

At  a  depth  ratio  of  1 . 0  (critical  depth)  all  of  the  energy  of  the  explosion  is  transmitted 
to  the  medium  without  surface  rupture.  (See  Energy  Utilization  -  Blast  Test  B) 

Energy  utilization  number:  The  constant  of  the  model-law  equation  (see  Chapter 
III,  Section  IV,  2) : 


b  =  K  \T  w 

is  considered  by  Livingston  to  equal  the  product  of  three  numbers,  called  the  ABC 
product. 


K  =  A  B  C 

where  A  is  the  energy-utilization  number,  B  is  a  rock  factor,  and  C  is  a  stress- 
distribution  factor.  The  energy-utilization  number  depends  upon  the  type  of  explosive 
and  the  depth  ratio,  and  is  a  measure  of  the  "effect-of-depth"  or  "coupling  effect." 
Blasts  in  which  the  same  proportion  of  the»..total  energy  of  the  explosive  is  utilized  by 
the  medium  "have  the  same  energy-utilization  number. 

Explosion  pressure  is  the  maximum  pressure  that  can  be  produced  with  any  given 
explosive  at  constant  volume.  It  is  estimated  theoretically,  using  the  chemical  formula 
for  the  reaction,  Abel's  Gas  Law,  and  correcting  for  the  co-volume  of  the  molecules 
of  gaseous  products. 

Explosion  temperature  is  the  temperature  at  which  the  explosion  pressure  is 
measured.  It  is  estimated  theoretically  from  the  composition,  the  heat  of  formation, 
the  specific  heat  of  explosion  products,  the  gas  law  obeyed  by  the  gaseous  products 
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of  explosion,  and  the  heat  losses. 

Flyrock  travel-distance  is  the  horizontal  distance  from  the  borehole  (measured  on 
a  horizontal  plane  through  the  collar  of  the  borehole)  that  flyrock  is  thrown  by  a  blast. 
Both  flyrock  travel-distance  and  flyrock  travel-height  are  a  function  of  the  depth  ratio. 
For  blasts  in  frozen  Keweenaw  silt,  both  are  considered  to  be  related  to  the  velocity 
of  expansion  and  the  energy  of  the  gas  bubble  at  breakthrough. 

Flyrock  travel-height  is  the  vertical  distance  above  the  ground  surface  that 
particles  from  a  ’blast"' are  thrown.  Flyrock  travel-height  is  a  function  of  the  depth 
ratio  and  of  the  type  of  explosive.  As  flyrock  travel-height  increases,  the  proportion 
of  the  total  explosion  energy  that  is  utilized  by  the  medium  decreases. 


A  free-face  is  the  interface  or  surface  towards  which  material  broken  by  a  blast 
is  thrown.  The  free-face  may  be  horizontal,  vertical,  or  inclined.  It  may  be  bounded 
by  gas,  liquid,  or  solid.  It  may  be  curved  or  regular.  One  or  more  free-faces  may 
be  affected  by  a  blast, 

The  gas  bubble  is  the  gas-filled  explosion  cavity  caused  by  detonation  of  the  ex¬ 
plosive  and  expansion  of  the  products  of  combustion.  (See  Mechanics  i  Crater 
Formation,  Chapter  II,  Section  I,  Items  1-4.) 

The  interface  ratio,  as  applied  to  this  project,  is  the  ratio  of  the  depth  of  the 
center  of  gravity  of  the  explosive  charge  to  the  thickness  of  the  frozen  ground.  The 
contact  between  frozen  and  unfrozen  ground  is  considered  to  be  an  interface. 

The  length- scale  ratio  is  the  ratio  of  any  dimension  of  a  blast  to  the  same 
dimension  of  a  prototype  blast  hole.  A  prototype  hole  in  the  Keweenaw  Tests  is  one 
18  in.  deep  and  2l/z  in.  in  diameter.  The  scale  of  such  a  blast  is  1. 0  regardless  of 
the  weight  or  type  of  explosive,  and  regardless  of  the  shape  of  the  resulting  crater. 

Maximum  effective  weight  (see  Blast  Test  A)  is  that  weight  of  explosive  which 
produces  the  maximum  volume  of  crater  with  a  given  type  of  explosive  detonated  at 
a  given  depth  of  center  of  gravity  of  charge  below  the  surface. 

Oxygen  balance  has  been  defined  as  "the  percentage  of  oxygen  required  for 
complete  conversion  of  the  carbon  and  hydrogen  present  in  explosives  to  carbon 
dioxide  and  water.  An  explosive  in  which  the  ingredients  are  so  balanced  that  all 
the  oxygen  is  converted  to  carbon  dioxide  and  water  has  a  zero  oxygen  balance,  one 
lacking  sufficient  oxygen  has  a  negative  balance,  and  one  containing  excess  oxygen  has 
a  positive  balance.  "  1 

Optimum  depth  is  the  depth  at  which  a  given  weight  of  explosive  produces  the 
greatest  volume  of  excavation  per  unit  weight  of  explosive  (see  Volume-Utilization 
Factor),  The  optimum  depth  of  the  Keweenaw  Test  explosives  in  frozen  Keweenaw 
silt  ranges  from  a  depth  ratio  of  0.  9  to  1. 0.  At  a  depth  ratio  of  1.  0  the  optimum  depth 
equals  the  critical  depth. 

Optimum  weight  (see  Blast  Test  A)  is  that  weight  of  a  particular  explosive  at 
which  the  quantity  of  material  loosed  by  a  blast  at  a  given  depth  or  burden  is  maximum 
per  unit  weight  of  explosive. 

Prototype  volume:  A  blast  using  the  critical  weight  of  explosive  at  1. 0-ft  depth, 
of  center  of  gravity  is  a  prototype  blast  at  depth  ratio  1.0.  At  depth  ratios  less  than 
1.  0,  craters  are  produced  using  the  same  weight  of  explosive.  The  volumes  of  the 
craters  are  referred  to  in  this  report  as  "prototype  volumes,  "  The  prototype 
volumes  decrease  as  the  depth  ratio  decreases.  The  dimensions  of  an  unknown  crater 
at;  the  same  depth  ratio  using  the  same  explosive  are  a  function  of  the  length  ratio  of 
the  two  blasts.  The  volume  of  an  unknown  crater  is  a  function  of  the  ratio  Of  the  cubes 
of  the  critical  weights  or  of  the  ratio  of  the  cubes  of  the  critical  depths,  inasmuch  as 

1.  W,  C.  Lath  r  op  and  G.  R,  Hand  rick  (1949),  Th  e  re  la,  t  i  on  be  twe  e  n  pe  rf  o  r  m  a  n  c  e  and 
c  on  s  tituti  on  of  p  u  r  e  oyga  n  i  c  ex  pi  o  w  i,  ve  c  cm  po  u  n  d  a  7* . S  e  mlca'lf  Re  vi  e  w's  ^ . . n  iQ"! . 
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the  critical  depth  for  the  prototype  blast  is  1. 0  ft,  the  volume  of  crater  in  frozen 
Keweenaw  silt  for  a  blast  at  any  depth  of  charge  equals  the  prototype  volume  at  the 
corresponding  depth  ratio  multiplied  by  the  cube  of  the  critical  depth  for  charge  x. 

(See  Examples  1  and  2,  Chapter  III,  Section  IV,  4.  ) 

The  r/d  ratio  is  the  calculated  crater  radius  (see  Data  Sheet  Computations, 

Chapter  II,  Section  I,  3k)  divided  by  the  depth  to  the  center  of  gravity  of  the  explosive 
charge.  It  is  a  measure  of  the  shape  of  a  crater. 

Radius-utilization  factor:  The  radius  of  a  crater  in  feet  divided  by  the  weight  of 
explosive  in  pounds  (the  number  of  feet  of  crater  radius  per  pound  of  explosive). 

Rock  factor:  Failure  of  a  mass  of  earth,  rock,  or  other  structural  material 
depends  upon  two  factors:  (1)  the  properties  of  the  material  and  (2)  the  nature  of  the 
deforming  stress.  The  first  of  these  factors,  the  property  of  the  material,  determines 
the  resistance  of  the  material  to  the  deforming  stress.  Livingston  has  shown  that  the 
penetration  of  projectiles  into  rocks  depends  upon  elastic  (and  plastic)  properties  and 
has  derived  a  mathematical  expression  called  the  "rock  factor,"  (B  of  A  B  C  product) 
which  expresses  as  a  ratio  the  depth  of  penetration  in  a  specific  rock  relative  to  the 
penetration  in  a  prototype  rock.  The  rock  factor  may  apply  also  to  blasting  in  most 
materials,  including  blasts  in  frozen  ground. 

The  similitude  ratio  provides  a  means  of  comparing  craters  of  different  sizes  but 
similar  shapes.  It  is  the  distance  from  the  center  of  gravity  of  the  explosive  charge  to 
the  bottom  of  the  resulting  crater  divided  by  the  shortest  distance  from  the  center  of 
gravity  of  the  explosive  charge  to  the  ground  surface  above  the  explosive.  A  critical- 
depth  blast  results  in  a  similitude  ratio  of  1.0. 

Springing,  chambering,  or  squibbing  refers  to  a  method  of  enlarging  a  borehole 
using  light  charges  of  explosive.  Enlargement  may  be  due  to  crushing  or  to  plastic 
flow,  depending  upon  the  nature  of  the  material  blasted. 

Stemming  is  the  material  used  to  fill  the  borehole  above  the  explosive  charge  to 
confine  the  gases  resulting  from  an  explosion. 

Stick  count  is  the  number  of  l£  -  in.  by  8-in.  cartridges  per  50-lb  case. 

The  stress-distribution  factor  is  the  term  C  in  the  ABC  product  ( see  Energy 
Utilization  Number,  Rock  F actor;  also  Chapter  III,  Section  VII).  The  stress- 
distribution  factor  expresses  the  influence  of  more  than  one  free-face  upon  the  results 
of  blasting.  The  effect  of  the  frozen-ground  interface  upon  the  results  of  blasting  in 
frozen  Keweenaw  silt  appears  to  be  related  in  a  complex  manner  both  to  the  interface 
ratio  and  to  the  depth  ratio:  As  the  number  of  free-faces  increases  interface  ratios 
and  depth  ratios  must  be  determined  for  each  face. 

Tamping  is  the  act  of  placing  stemming  in  a  borehole  or  of  compacting  an  explosive 
or  other  substance. 

The  volume-utilization  factor  is  the  number  of  cubic  feet  of  excavation  or  of 
material  broken  per  pound  of  explosive. 

Weight  strength:  Manufacturers  of  .explosives  rate  explosives  both  on  weight 
strength  and  on  cartridge  strength.  These  terms  relate  to  weight  and  to  volume 
respectively.  The  strength  of  an  explosive  is  relative,  but  refers  to  the  power  or  force 
developed  and  to  the  work  the  explosive  is  capable  of  doing.  Straight  dynamites  are 
rated  according  to  the  percentage  of  nitroglycerine  present.  Other  types  of  dynamites 
have  the  same  weight  strength  if  they  develop  the  same  strength,  weight  for  weight,  or 
produce  the  same  deflection  of  a  ballistic  pendulum. 

4,  Description,  objectives,  and  scope  of  the  Keweenaw  Tests 

The  Keweenaw  Tests  were  designed  to  obtain  fundamental  data  needed  to  produce 
excavations  in  frozen  ground  both  for  entrenching  troops  and  for  structures.  They 
consisted  of  a  series  of  1  6  field  experiments  together  with  laboratory  tests  of 
specimens  of  frozen  Keweenaw  dredge-fill  silt.  Three  hundred  and  thirty-one  crater 
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blasts  were  fired  in  ground  frozen  to  depths  ranging  from  15  to  24  in.  Charge  holes 
ranged  from  1  to  83/4  in.  in  diameter  and  from  4  to  63  in.  in  depth. 

The  field  experiments  were  directed  towards  determining  (1)  the  most  efficient 
type  of  explosive  for  producing  craters  in  frozen  ground;  (2)  the  fundamental  relation 
between  weight  of  explosive  and  depth  of  charge  for  blasts  in  frozen  ground  at  various 
scales;  (3)  the  effects  of  the  diameter  of  the  borehole  and  the  shape  of  the  explosive 
charge  upon  the  results  of  blasting;  (4)  the  proper  position  of  the  explosive  charge 
relative  to  the  interface  between  the  frozen  and  the  unfrozen  soil,  and  (5)  the  feasibility 
of  fracturing  a  layer  of  frozen  ground  of  finite  thickness  by  placing  an  explosive  charge 
in  the  underlying  unfrozen  material. 

The  laboratory  work  was  directed  towards  measuring  the  physical  and  elastic 
properties  of  the  frozen  ground  to  provide,  if  possible,  an  index  of  its  elastic  or  plastic 
behavior  in  various  stress  ranges  and  obtain  data  necessary  to  develop  a  'rock  factor 
for  use  in  a  crater  formula  for  blasting  in  frozen  ground. 

The  field  and  the  laboratory  work  were  supplemented  by  field  instrumentation  to 
provide  a  record  of  temperature  and  moisture  at  various  depths  within  and  below  the 
frozen  layer,  and  a  record  of  wind  direction,  wind  velocity,  ambient  temperature,  and 
maximum  and  minimum  daily  air  temperature. 

5,  Selection  of  explosives 

High-velocity  explosives  are  said  to  have  a  'shattering  action,"  and  low- velocity 
explosives  are  said  to  have  a  "heaving  action."  The  term  hard  rock  is  associated  with 
brittle  rocks  such  as  igneous  and  metamorphic  rocks,  and  the  term  soft  rock  is 
associated  with  sedimentary  rocks  and  nonmetallic  minerals  such  as  salt,  gypsum,  coal, 
and  potash.  Usually,  high-velocity  explosives  are  used  in  blasting  hard  rocks  and  low 
velocity  explosives  are  used  for  soft  rocks.  Thus,  according  to  the  popular  concept,  it 
might  seem  logical  to  assume  that  low-velocity  explosives  would  be  better  adapted  to 
blasting  frozen  ground. 

Fundamentally,  the  terms  heaving  action,  hard  rock,  and  soft  rock  are  relative. 
Studies  of  the  elastic  and  plastic  behavior  of  rocks  have  shown  that  "soft  rocks"  may  be 
stronger  under  lateral  confinement  in  high  stress  ranges  than  "hard  rocks.  "  It  has  been 
shown  also  that  the  elastic  and  plastic  properties  of  a  rock  are  more  indicative  of  its 
behavior  under  stress  than  is  the  strength  of  the  rock  in  compression,  tension,  or  bend¬ 
ing.  It  is  probable  that  the  "shattering  action"  produced  by  high  explosives  and  the 
"heaving  action"  by  low  explosives  are  due  to  the  properties  of  the  rock  as  much  as  to 
the  velocity  of  the  explosion. 

The  problem  of  selecting  an  explosive  for  blasting  in  frozen  ground  resolves  itself 
into  three  parts:  (1)  a  study  of  the  properties  of  explosives,  (2)  a  study  of  the  action 
of  various  types  of  explosives  in  Keweenaw  silt,  and  (3)  a  study  of  the  physical,  elastic, 
and  plastic  properties  of  frozen  Keweenaw  silt  relative  to  the  physical,  elastic,  and 
plastic  properties  of  other  types  of  frozen  ground  or  of  other  types  of  rocks  (if  it  can  be 
shown  that  frozen  ground  behaves  as  a  rock). 

Obviously,  it  would  have  been  impossible  to  test  all  types  of  explosives  during  the  3 
months  of  field  work.  Accordingly,  four  representative  types  were  selected  —  three 
commercial  explosives  and  one  military  explosive. 

When  detonated  unconfined  and  in  the  open,  nitroglycerine,  the  principal  ingredient 
of  most  commercial  explosives,  has  a  velocity  of  20,  000  ft/sec.  When  other  ingredients 
are  added  to  produce  various  types  of  dynamite,  the  velocity  is  reduced.  The  velocity  of 
most  military  explosives  exceeds  20,000  ft  sec.  Demolition  Block  M3  (Composition  C-2), 
the  military  explosive  requested  for  the  tests,  has  a  velocity  of  25,  100  ft  sec. 
Unfortunately,  we  were  unable  to  obtain  military  explosives,  and  it  was  necessary  to 
substitute  a  high-velocity  commercial  explosive. 

It  was  desirable  to  choose  explosives  with  widely  differing  characteristics  so  that  an 
appreciable  difference  in  action,  attributable  solely  to  the  composition  of  the  explosive, 
might  be  observed.  Because  of  the  conditions  of  the  test,  it  was  necessary  also  that  the 
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explosives  chosen  have  high  resistance  to  moisture  and  cold.  It  may  be  necessary  in 
certain  military  applications  to  select  an  explosive  with  good  fume  characteristics 
particularly  if  the  excavation  must  be  occupied  immediately  after  the  blast. 

Blasting  action  does  not  depend  solely  upon  the  velocity  of  an  explosive,  but  also 
upon  the  explosion  pressure,  the  energy  of  the  explosion,  and  the  physical  and  elastic 
properties  of  the  material  blasted.  Physical  and  elastic  properties  of  the  frozen  ground 
may  be  appraised  without  regard  to  the  composition  of  the  explosive.  The  energy  of  the 
explosion  is  related  to  the  weight  of  explosive  and  thus  is  within  the  control  of  the 
blaster.  Explosion  pressure  and  velocity  of  detonation  both  depend  upon  composition 
Explosion  pressure  and  velocity  decrease  in  nitroglycerine-base  dynamites  as  the 
percentage  of  nitroglycerine  or  blasting  gelatin  decreases.  It  is  not  to  be  inferred  that 
nitroglycerine  is  the  only  energy-producing  ingredient  of  high  explosives  or  that  velocity 
is  dependent  solely  upon  the  nitroglycerine  content.  The  fact  that  velocity  and  explosion 
pressure  are  dependent  upon  composition  was  helpful  in  choosing  the  types  of  explosives 
for  the  Keweenaw  Tests. 


Coalite  i S,  Gelodyn  1,  and  Atlas  60  Percent  Straight  Gelatin  were  selected  because 
they  represent  a  complete  range  in  velocity  of  commercial  explosives;  their  velocity 
ranges  do  not  overlap;  and  their  water  resistance,  cold  resistance,  and  fume 
characteristics  meet  the  requirements  of  blasting  in  frozen  ground.  Coalite  7S  is  an 
Ammonia-Base  Permissible  explosive  such  as  is  used  in  coal  mining.  The  "heaving 
effect'  characteristic  of  low-velocity  explosives  such  as  black  powder  is  characteristic: 
of  Coalite  when  used  in  blasting  coal.  Gelodyn  1  is  a  semi-gelatin  generally  recom¬ 
mended  for  cratering  in  rock.  Gelodyn  l  has  a  higher  velocity  than' Coalite *7S  but  lower 
than  Atlas  60  Percent  Straight  Gelatin. 

/Then  it  became  evident  that  Demolition  Block  M3  ( Composition C-2) could  not  be 
obtained  for  the  Keweenaw  lests,  Atlas  80  Percent  Straight  Gelatin  was  substituted. 

Its  velocity  is  equal  to  that  of  either  blasting  gelatin  or  nitroglycerine,  the  highest 
obtainable  with  commercial  explosives,  but  only  .1000  ft/ sec  more  than  that  of  Atlas 
50  Percent  Straight  Gelatin  when  detonated  under  confinement  using  a  strong  primer. 

ib — Classification  and  properties  of  commercial  exp  1  os i ve s 

Each  of  the  major  manufacturers  of  commercial  explosives,  for  all  practical 
purposes, produces  equivalent  types  of  explosives  (see  Table  I).  Commercial  explosives 
containing  nitroglycerine  may  be  divided  into  three  types:  nitroglycerine  dynamites 
gelatin  dynamites,  and  permissible  explosives.  Nitroglycerine  is  the  base  for 
nitroglycerine  dynamites.  The  base  for  gelatin  dynamites  is  blasting  gelatin,  which 
consists  of  nitroglycerine  and  guncotton. 

Properties  of  various  types  of  dynamite  are  related  to  the  properties  of 
nitroglycerine  and  blasting  gelatin.  Nitroglycerine  is  a  liquid,  is  insoluble  in  water 
explodes  when  heated  to  392°F,  is  sensitive  to  shock,  is  difficult  to  transport,  and 
detonates  unconfined  in  the  open  at  a  velocity  of  20,000  ft/sec.  Blasting  gelatin  ' 

I'm.ri!  90~93  par':Slo(  nitroglycerine  to  7-10  parts  of  guncotton.  It  is  a  tough,  elastic, 

It.  y  ,i  mass,  wit.  i  a  texture  like  that  of  Para  rubber.  It  is  highly  water-resistant, 
is  less  sensitive  to  shock  and  friction  than  nitroglycerine,  is  safe  to  handle  except 
when  frozen,  and  detonates  at  the  same  velocity  as  nitroglycerine. 

Permissible  explosives  were  developed  for  use  in  coal  mines  where  there  is  danger 
°t  explosions  of  mine  gas  and  coal  dust  due  to  flame  issuing  from  blast  holes.  By  ’ 
reducing  the  temperature  and  duration  of  the  flame,  the  coal-mine  explosion  hazard  is 
minimized  Both  nitroglycerine  and  blasting  gelatin  have  high  explosion  temperatures. 
Gelatinous  Permissible*  are  made  by  adding  large  quantities  of  ammonium  chloride  or 
sodium  chloride  to  gelatin  dynamites.  Almnonia-Base  Permissibles  are  made  by  adding 
large  quantities  of  ammonium  nitrate  or  cellulose  to  nitroglycerine  dynamite  thus 
m  tnimizing  the  percentage  of  the  high -flan* -temperature  ing  redient. 

The  essential  mgr . Rents  of  the  three  principal  types  of  explosives  are  presented 

m  chart  form  in  lab, lie  l„  Straight  Dynamite  is  a  nitroglyc . cine  dynamite  made  by  adding 

sodium  nitrate  and  cellulose  or  other  combustible  to  nitroglyc . rime.  Straight  Gelatin 


Ilplf" 


IIIBlIHIilli 


V  •.:-ni!!„;:!iiui!in;inil!  :  1  Wi  Mm 


I  « 
i  m 


PART  I.  EXPLOSION  TESTS  IN  KEWEENAW  SILT 


ffaenlfir  Str!i8ht  Dynamite  onlV  in  that  the  ingredients  are  added  to  blasting  gelatin 
adrHncr  =Pl0S1Ve  baSe  rather  than  t0  nitroglycerine.  Extra  Dynamites  are  made  by 
g  mmonium  nitrate  to  Straight  Dynamite,  or  by  replacing  sodium  nitrate  with 
r  ,  *•'  mtrate<  Extra  Dynamites  are  sometimes  known  as  Ammonia  Dynamites. 

.  \n  bxtra  ia  equivalent  in  the  gelatin  dynamite  series  to  Extra  Dynamite  in  the 
nitroglycerine  dynamite  series. 

kVhen  nitroglycerine  explodes,  all  the  products  of  combustion  are  gases.  These 

‘~°n  pro,du,cts  are  carbon  dioxide,  water  vapor,  nitrogen,  and  oxygen.  Incomplete 
comoustion,  a  deficiency  of  oxygen,  or  an  excess  of  oxygen  produces  toxic  fumes  such 
as  carbon  monoxide,  oxides  of  nitrogen,  or  hydrogen  sulfide.  In  general,  the  higher 
tne  nitroglycerine  content  of  a  dynamite,  the  greater  is  the  volume  of  the  resulting  gas 
and  the  greater  the  likelihood  that  poisonous  fume  will  be  present.  Thus,  as  indicated 
by  the  arrows  in  Table  I,  fume  decreases  as  the  nitroglycerine  content  of  the  various 
types  of  dynamite  decreases. 

Dynamites  that  absorb  water  have  their  efficiency  impaired.  Nitroglycerine  is 
insoluble  in  water.  Sodium  nitrate  and  ammonium  nitrate  absorb  water  and  are 
deteriorated.  As  shown  in  Table  I,  water  resistance  decreases  as  the  nitroglycerine 
content  decreases  or  as  sodium  nitrate  or  ammonium  nitrate  is  substituted  for  nitro¬ 
glycerine.  Increasing  the  thickness  of  the  paraffin  coating  on  an  explosive  cartridge 
•  water  resistance  of  the  wrapper,  but  the  paraffin  is  converted  to  smoke 
(solid  particles)  upon  detonation.  Moreover,  a  paraffin-dipped  cartridge  is  little 
protection  if  the  wrapper  is  broken  by  tamping  the  charge  to  fill  a  wet  borehole. 

Tamping  to  fill  a  borehole  increases  the  charging  density  and  in  turn  the  borehole 

pressure  and  is  generally  considered  to  be  good  blasting  practice  in  underground  metal 
mining.  ° 

The  velocity  of  an  explosive  is  its  rate  of  detonation  or  the  rate  at  which  the 
detona-tion  wave  passes  through  the  explosive,  converting  it  from  a  solid  to  a  gas. 
Reducing  nitroglycerine  content  of  a  commercial  explosive  by  adding  other  ingredients 
decreases  the  velocity,  because  the  velocity  of  other  ingredients  is  less  than  that  of 
nitroglycerine  or  blasting  gelatin.  Velocity  of  detonation  is  influenced  also  by  confine¬ 
ment  and  by  cartridge  size.  Nitroglycerine  dynamites  detonate  at  a  higher  velocity 
when  confined.  Large  cartridges  detonate  at  a  somewhat  higher  rate  than  small 
cartridges.  Although  blasting  gelatin  contains  from  90-93%  nitroglycerine,  straight 
gelatins,  which  contain  blasting  gelatin  as  the  explosive  base,  have  the  peculiar 
pro rt^  detonating  at  a  much  lower  rate  when  unconfined  than  when  confined.  In 
the  Keweenaw  Tests,  all  charges  were  detonated  with  Primacord,  which  acts  as  a 
"booster”  or  strong  primer;  all  were  confined  in  a  borehole  in  frozen  ground;  and  all 
were  tamped  with  sand  stemming. 

Nitroglycerine  does  not  have  high  resistance  to  freezing,  but  manufacturers  can 
regulate  the  cold  resistance  of  nitroglycerine -base  dynamites  by  adding  antifreeze  If 
it  is  necessary  to  use  commercial  explosives  at  extremely  low  temperatures,  the*" 
manufacturer  should  be  notified  so  that  he  may  add  the  proper  quantity  of  antifreeze 
woen  mixing  the  explosive  ingredients.  Apparently,  a  standard  test  has  not  been  devel¬ 
oped  to  measure  cold  resistance.  The  cold  resistance  of  various  types  of  explosives 
seems  to  be  based  upon  the  experience  of  the  manufacturer  in  the  handling  and  the 
storage  of  explosives  in  cold  climate. 

L  Characteristics  of  explosives  in  the  Keweenaw  Tests 

Characteristics  of  explosives  used  in  the  Keweenaw  Tests  are  summarized  m 
I  able  II.  V  unw  and  resistance  to  water  and  cold  are  rated  from  II  (best  condition)  to 

4  (P°or«‘  condition).  The  stick  count  is  the  number  of  l  V* -in.  by  8- in.  cartridg . s' 

m  a  50 -lb  case.  Cartridge  strength  and  weight  strength  are  defined  above  (Cfa.  I,"  3jt 

Comparison  of  ex . losives  of  different  weight  strengths  must  . . made  on  an 

'absolute  weight  strength"  basis,  which  credits  each  of  the  energy-producing 
constituents  for  the  proportion  of  the  total  energy  it  contributes  (Table  III). 
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Table  II,  Characteristics  of  explosives  used  in  the  Keweenaw  tests. 


Explosive 


Atlas  80%  Straight  Gelatin 
Atlas  60%  Straight  Gelatin 
Gelodyn  1 
Coalite  7S 


Velocity 

Confined 

(ft/sec) 

Open 

Resistance 
Water  Cold 

Fume 

Stick 

Count 

21,000 

20, 000 

1  2 

3 

100 

20,000 

16,000 

1  2 

1 

97 

14,000 

10,000 

2  2 

l 

110 

10,000 

8,000 

2  2 

1 

120 

Strength 


Table  III.  Absolute  weight  strength  of  commercial  explosives 


Explosive 

Atlas  80%  Straight  Gelatin 
Atlas  60%  Straight  Gelatin 
Gelodyn  1 
Coalite  7S 


Weight 

Velocity 

Strength 

(ft/sec) 

72.  6 

21,000 

52.  3 

20,000 

64.6 

14,000 

61. 9 

10,000 

Absolute 

Weight  Strength 
— 

70.  6 
78.  Z 
76.  6 


Table  IV.  Absolute  cartridge  strength  of  commercial  explosives 
_  used  in  the  Keweenaw  tests. 

Explosive  [  height  Velocity  Ads  oh 


Atlas  80%  Straight  Gelatin 
Atlas  60%  Straight  Gelatin 
Gelodyn  1 
Coalite  7S 


Weight 

Strength 

Velocity 
(ft/ sec) 

Absolute 

Cartridge  Strength 

80 

21,000 

87.  7 

60 

20,000 

75.4 

55 

14,000 

72.  3 

44 

10,000 

65.  7 

When  all  commercial  explosives  had  a  standard  count  of  one  hundred  1  1  /,  x  8-in 

cartridges  per  50-lb  case,  the  weight  strength  and  the  cartridge  strength  were  the  same 

ridves  m^,UStry  Pr°gressed,  explosives  were  marketed  in  various  diameters  of  cart- . 

standard  irisTener^r1811169'  •  A1,t\ough  a11  manufacturers  have  not  adopted  the  same 

bisk  of  one  lunTed  1l/y  ^  cart,ridge  strengths  should  be  compared  on  a 

asis  ol  one  hundred  by  8-in.  cartridges  per  50-lb  case. 

the  of ‘‘W"’  ftick  of  any  lYP*  oi  explosive  is  the  same  as 

8  in  in  length  TLl  Z  V  Cartndge  ?  straight  l»/«  in.  in  diameter  by 

m.  in  length  if  they  produce  the  same  deflection  of  the  ballistic  pendulum. 

.houlTdVeT.^TaWrivT  “  “  carlrid«e- basis,  "absolute  cartridge-strength" 

.S_L- a Du  Pont:  nitroglycerine-base  explosives 

shoufdtlngdiiavVn?:,?:r\rr\7edf°r  the  Teats,  the  results  obtained 

man  kcmirlr  Th  obtainable  using  comparable  explosives  of  other 

nanufacturtrs.  The  close  relation  between  chemical  composition  and  explosive 

MSdlci’d  Wdiliil  po;n“d  11  Iollow*  “>«  if  the  composition  of  the  explosive, 

,he  • the  «*•«“«  «*«—*•*«  -  **• 

Accordingly,  if  the  various  grades  of  explosives  produced  by  different  manufacturers 
are  classified  as  Nitroglycerine  Dynamite.  Gelatin  Dynamite.  or  Perm?s.iM,  Expl»,v, 
and  arranged  in  order  of  decreasing  weight  strength  as  in  Table  1.  explosives  havins 
similar  diem, cal  composition  and  therefore  similar  bleating  characteristics  may  be 

nn"pm.l*tI«fPOr  '’“‘“P1''  OelciMlite.  Hercogel.  and  Gelohel  are  Atlas,  Hercules,  and 
Du  Pont  trade  names  for  Gelatinous  Permissibles,  . 


. . .  II  II  in  . . . 
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Each  of  the  different  types  of  explosives  is  manufactured  in  several  weight 
strengths  and  cartridge  strengths.  For  example,  it  is  possible  to  select  a  type  of 
Du  Pont  Duobel  or  a  type  of  Hercules  Red  H  that  is  equivalent  to  Atlas  Coalite  7S,  It 
is  also  possible  to  select  a  type  of  Du  Pont  Gelex  or  a  type  of  Hercules  Gelamite  that  is 
equivalent  to  Atlas  Gelodyn  1. 

CHAPTER  II.  TEST  PROGRAM 
Section  I.  Field  Tests 

1.  General 


As  far  as  possible,  the  field  experiments  were  planned  and  carried  out  so  that  a 
reasonable  scale  relation  was  maintained  between  the  depth  of  explosive  charge  and  the 
depth  of  frozen  ground.  Exploratory  drilling  of  the  test  site  showed  that  the  depth  of 
frozen  ground  was  not  uniform  but  varied  with  the  thickness  of  snow  cover,  the 
proportions  of  sand  and  silt,  and  the  thickness  and  distribution  of  layers  of  carbo¬ 
naceous  material  deposited  with  the  dredge  fill. 

The  tests  were  planned  to  investigate  one  variable  at  a  time.  In  the  first  experi¬ 
ments,  the  interface  ratio  was  held  practically  constant.  In  deciding  what  interface 
ratio  to  use,  the  frozen  layer  was  considered  analogous  to  a  reinforced  concrete  slab 
used  in  tests  of  penetration  of  artillery  projectiles.  It  was  reasoned  that  scabbing  of 
the  rear  face  of  the  concrete  slab  due  to  penetration  of  a  projectile  must  bear  some 
relation  to  critical  depth.  The  rear  face  of  the  slab  would  be  equivalent  to  the  inter¬ 
face  between  the  frozen  and  unfrozen  ground.  Thus,  if  the  nose  of  a  projectile  entering 
the  slab  is  equidistant  from  the  front  face  and  the  rear  face,  the  projectile  should  have 
the  same  effect  on  both  faces.  Although  the  rear  face  of  the  slab  and  the  frozen  ground 
interface  are  not  equivalent  so  far  as  transmission  of  energy  across  the  interface  is 
concerned, it  is  reasonable  to  assume  that  energy  transmitted  equal  distances  towards 
the  two  faces  would  affect  both  faces  to  the  same  degree.  Thus,  it  was  concluded  that, 
if.  an  interface  ratio  of  0,  5  or  less  could  be  maintained,  a  reasonable  correlation  might 
be  possible  between  critical-depth  blasts  in  frozen  ground  and  critical-depth  blasts  in 
other  mediums  such  as  rock  and  soils. 

We  have  assumed  that  the  frozen-ground  interface  might  greatly  influence  the 
manner  of  failure  and  the  results  of  blasting  in  frozen  ground.  This  may  not  be  true, 
but  the  possibility  was  not  overlooked  in  planning  the  experiments. 

2.  Test  site 

The  site  was  selected  and  prepared  for  the  field  tests  by  SIPRE  personnel  before 
the  Mining  Research  Corporation  blasting  party  arrived.  The  site  is  on  U.  S.  Govern- 
merit  property  on  the  east  shore  of  the  Keweenaw  Waterway,  which  was  used  as  a  spoil 
bank  for  hydraulic  disposal  of  sand  and  silt  dredged  from  the  channel  about  15  years 
ago.  The  site  is  located  about  9  mi  north  of  Hancock,  Michigan,  and  */2  mi  from  the 
Coast  Guard  Station  at  the  upper  entrance  to  Keweenaw  Waterway  in  Houghton  County, 
Michigan  (Fig,  1),  Factors  considered  in  choosing  this  site  were: 

(a.)  Mean  winter  temperatures  as  indicated  by  IJ.  S,  Weather  Bureau  records. 

(b)  Accessibility  of  the  area. 

(c)  Proximity  to  a  laboratory  equipped  to  make  the  required  tests  of  frozen 
ground, 

(,:1)  Fre . dorn  of  the  soil  from  stone  and  boulders,  and  uniform  composition 

over  the  site. 

(e)  Exposure  to  wind,  which  would  aid  in  keeping  snow  removed  from  the 
working  area. 

(f)  Government  ownership  of  the  land  and  the  distance  frorri  structures 
damageable  by  air  blast,  ground  shock,  or  fly  rock. 

(g)  Cost  of  clearing  and  .leveling  the  site. 
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U.S.  STANDARD  SIFVF  SI7F 


SAMPLE 

NOfWC 

LL 

PL 

PI 

LOCATION 

1  -  SILT  (MH) 

2  -  SANDY  SILT  (ML) 
3-  SANDY  SILT  (0L) 

4  -  SILTY  SAND  (MU 
9  -  SILT  (OH) 

46.3 

91-0 

34.2 

24.2 
109.9 

56.0 

41.9 

N.P. 

N-P, 

NP. 

N.P. 

14.1 

BLAST  HOLE  51 
BLAST  HOLE 44 
BLASTHOLE  164 
BLAST  HOLE  6 
HOLE  1-2 

A  preliminary  exploration  of  the 
test  site  was  made  in  October  1953 
to  determine  its  suitability  from  the 
standpoint  of  soil  type  and  areal  ex¬ 
tent.  The  exploration  consisted  of 
drilling  approximately  30  test  holes 
throughout  the  area  with  hand- 
operated  helical  augers.  The  bore¬ 
holes  were  spaced  to  provide 
complete  coverage  of  the  site.  Each 
test  hole  was  extended  through  the 
hydraulic  fill  into  the  underlying 
native  soil.  The  results  of  this 
preliminary  investigation  indicated 
that  an  area  approximately  500  ft 
square  would  be  suitable  as  a  site 
for  the  field  tests.  The  soil  in  the 
test  area  is  predominantly  silt 
containing  small  amounts  of  organic 
matter,  in  general,  the  silt  is 
stratified  with  thin  lenses  of  sand 
and  organic  deposits  which  do  not 
appear  to  be  continuous.  The  exact 
classification  of  the  soils  in  the  test 
area,  based  on  the  Corps  of 

Engineers  Unified  Soil  Classification  FlSure  L'  Gram-size  distribution  in  typical 
System,  depends  largely  on  the  soils  from  the  test  site, 

degree  of  stratification.  Classifi¬ 
cations  assigned  to  the  soil  types  found  in  the  area  include  silt  (ML  and  MH),  silt 
(OL  and  OH),  sandy  silt  (OL),  and  silty  sand  (SM  and  OL).  The  predominant  types 
are  silt  (OL)  and  sandy  silt  (O.L).  Mechanical  analyses  were  made  on  many  soil 
samples  from  the  test  area  during  the  field  program.  Based  on  these  tests, 
representative  gradation  curves  have  been  selected  to  indicate  the  range  of  grain  size 
distribution  in  the  test  area  (Fig.  2).  Plasticity  tests  conducted  on  representative 
samples  from  the  teBt  area  indicate  that  the  silty  soils  are,  in  general,  either  non¬ 
plastic  or  of  low  plasticity.  At  the  outer  limits  of  the  test  area,  sand  strata,  varying 
irorn  1  to  2  ft  thick,  were  encountered  within  3  ft  of  the  ground  surface.  Because  of 
the  lack  of  homogeneity  in  the  stratification  at  and  beyond  the  limits  of  the  established 
test  area,  it  was  concluded  that  future  expansion  of  the  area  would  not  be  feasible. 

The  preliminary  exploration  indicated  that  the  artificially  deposited  silt  in  the  test 
area  is  approximately  7  ft  deep  and  is  underlain  by  a  highly  organic  silt  (OH)  This 

native  soil  was  found  . . have  high  moisture  content  at:  the  time  of  sampling,  ranging 

from  approximately  50%  to  slightly  more  than  100%.  An  lamination  of  the  organic 
matter  contained  in  the  native  soil  indicated  that  the  soil  has  been  in  a  saturated  or 
near-saturated  condition  for  a.  considerable  period  of  time.  Based  on  these  findings 
and  an  examination  of  the  adjacent  terrain,  it  is  considered  likely  that  the  dredged' fill, 
in  which  the  explosion  tests  would  be  conducted,  bad  been  deposited  in  swamp  land. 
Water  table  measurements  made  during  the  preliminary  exploration  showed  the  free 
water  surface  to  be  approximately  5  ft  below  the  surface  of  the  dredged  fill.  Figure  3 

snows  the  test  sit .  at  . .  height  of  the  winter .,after  snow  removal  and  Figure  4  shows 

the  site  in  March  1954  during  a  spring  thaw. 

3 . Field  j: e  s t  p r o c e d u r e 

a,i  In  the  fall  of  1953,  a  bulldozer  was  used  to  remove  the  brush, 

small  trees,  and  humus  and  to  level  the  soil  on  three  strips,  each  about  150  ft  wide  and 
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Figure  3.  View  of  test  site  cleared  of  snow.  Figure  4.  View  of  test  site 

during  spring  thaw. 

500  ft  long,  to  the  east,  •  southeast,  and  south  from  a  common  corner.  After  this 
clearing,  the  site  was  laid  out  in  a  50-x  50-ft  grid  system.  Reference  stakes  were  set 
at  irregular  intervals  at  convenient  points  in  each  lane.  A  preliminary  examination  of 
the  site  showed  a  variation  in  soil  from  clean  sand  to  carbonaceous  silt.  The  approxi 
mate  boundary  of  the  sand  areas  was  marked  on  a  map  which  served  as  a  guide  in 
laying  out  the  blast  holes  in  the  winter. 

b.  Instrumentation.  After  the  site  had  been  cleared  and  leveled,  but  before  the 
weather  became  cold,  four  instrumentation  holes  were  drilled  at  150 -ft  intervals  along 
the  centerline  of  the  east- west  lane  of  the  test  site.  In  these  holes,  moisture  and 
temperature  cells  were  installed  at  depth  intervals  of  6  in.  below  the  surface.  The 
purpose  of  this  instrumentation  was  to  permit  accurate  determination  of  the  ground 
temperatures  throughout  the  test  area  during  the  explosion  tests  and  to  provide  an 
indirect  means  of  observing  the  fluctuations  of  the  interface  between  frozen  and  unfrozen 
soil.  The  exact  depth  of  freezing  at  specific  blast  holes  was  measured  directly. 

Two  types  of  soil  temperature  units  were  installed,  a  commercial  instrument  known  as 
the  Colman  soil-moisture  unit  and  an  experimental  unit  designed  by  SIPRE  personnel. 
The  latter  was  designed  specifically  to  provide  a  minimum  of  soil  disturbance  when 
inserted  and  a  continuous  contact  with  the  surrounding  soil  during  subsequent  shrinkage 
and  swelling. 

The  Colman  unit  consists  of  a  moisture-sensitive  element  composed  of  two  Monel 
screen  electrodes  separated  by  two  thicknesses  of  glass  fiber  cloth  and  wrapped  around 
with  three  thicknesses  of  the  same  material,  and  a  thermally  sensitive  element 
composed  of  a  model  7A  thermistor  manufactured  by  the  Western  Electric  Company. 

The  thermistor  has  a  resistance  of  approximately  1000  ohms  at  77°  F.  It  has  a  high 
temperature  coefficient  which  makes  corrections  for  lead-wire  resistance  unnecessary 
and  increases  the  ease  with  which  accurate  temperature  determinations  can  be  made. 
The  electrical  resistance  between  the  screens  of  the  moisture-sensitive  element  vary 
in  response  to  changes  in  moisture  content  of  the  soil  in  which  the  unit  rests.  This 
element  is  particularly  useful  for  determining  whether  the  soil  water  is  frozen  since 
the  resistance  rises  very  abruptly  as  the  soil  moisture  freezes.* 


*  For  a  detailed  description  of  the  Colman  instrument  see:  Colman,  E.  A.  ,  and 
Hendrix,  T.  M.(1949)  The  Fiberglas  Electrical  Soil-Moisture  Instrument,  Soil  Science, 

vol.  67,  no.  6. 
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I  he  experimental  unit  designed  at  SIPRE  is.  composed  of  two  2  1  /  j  6  in,  iiam 
stainless  steel  probes  into  which  thermocouples  have  been  cemented  The  probes  are 
1  lonS  and  are  set  1  in.  apart.  The  SIPRE  bare -wire  probe  is  showr  in  Figures. 

I  he  Colrnan  units  were  installed  in  four  instrumentation  holes  1-1  I-  >  t_i  ,n{j 
IX- 1,  at  depths  of  6,  12,  18,  and  24  in.  and  at  the  bottom  of  the  hole,  whicn’was  ’ 
generaliy  44  in.  below  the  ground  surface.  The  bare-wire  probes  were  installed  in 
Hole  IX- 1  at  the  same  depths  as  the  Colrnan  units. 

Recording  cables  were  run  in  trenches  from  the  instrumentation  holes,  to  measur¬ 
ing  stations  along  the  south  side  of  the  lane. 

Figure  6  shows  the  variations  in  temperature  of  the  Keweenaw  silt  at  6-  .and  12-in 
fheW-fn  : "depth6  experiments‘  At  the  two  ga8e  positions,  freezing  d-.d  not  reach  ' 

An  8 -x  1  / -ft  shelter  house  was  built  directly  over  the  origin  station  of  ,;he  grid 
system  with  windows  to  command  a  view  over  the  entire  site.'  A  kiosk  was  erected 
nearby  to  house  a  Veather-Bureau-type  maximum-minimum  thermometer  A* recording 
anemometer  was  installed  on  top  of  the  shelter  cabin.  recording 

,  'blasting  tests  had  begun,  it  was  found  desirable  to  have  information  on  the 

depth  of  the  water  table.  Mining  Research  Corporation  drilled  four  2l/,-ir.  holes 
H.  tt  deep  and  installed  casing.  The  depth  of  the  water  table  was  found  to  range  from 
b  to  b  ft  below  the  surface,  depending  upon  the  elevation  of  the  ground  surface’ 

T°  Ptrn:!  <ieeP  I)enetration  of  ^ost.  it  was  necessary  to  keep 
dtaied  from  the  site.  However,  because  manufacturers  failed  to  deliver  the 
snowplows  as  promised,  a  foot  or  more  of  snow  was  left  on  the  site  during  several 

Hithww  nrr8  Wfa,th!,r*  Flnally’  a8reements  were  made  to  have  the  Houghton  County 

before  th  -  r ntTr"!  I  °  vr  neCe^sary  Plowing  with  a  Sno-Go  rotary  plow  shortly 
before  the  arnval  of  the  Mining  Research  Corporation  party.  SIPRE  snow- removal 

equipment  was  put  into  operation  toward  the  end  of  the  field  work.  Snowflll ZZ 
considerably  less  than  normal,  lightening  the  removal  job.  However,  freq-  ent  strong 
winds  made  troublesome  drifts  that,  over  parts  of  the  site,  kept  the  ground  from  6 

duHng1thl',wie/hai1  *  T  d?ep'  addltion*  temperatures  were  much  above  normal 
dining  the  winter,  and  frost  penetration  everywhere  was  far  less  than  anticipated. 

it  wit  ri^Trl;!TRn?^t»d-e^h  ?{  In  view  o{  the  above-mentioned  conditions, 

Tint  n  at  l  £*  depth  of  iree21nfi  would  limited  and  must  be  considered  in 

g ro  i  r  hT  StfP'  then’  was  to  determine  the  actual  depth  of  frozen 

ground  at  various  locations  on  the  site.  On  January  21,  1954,  16  holes  wer-  drilled 

lough  the  frozen  ground  m  lines  near  the  north  end,  the  middle,  and  the  south  end  of 
,  ,  ln  Places  Protected  by  deep  snow  the  ground  had  not  frozen  The  maximum 

depth  of  Irozen  ground  was  found  to  be  18 »/2  in.'  Obviously,  some  parts  of  tne  site  had 
not  then  lrozen  sufficiently  deep  for  the  blasting  tests  At  this 


depth  of  frozen  ground  was  found  to  be  !«■/,  in°  Obviously, some  parts of '  t„e  site  hid 
not  then  Dozen  sufficiently  deep  for  the  blasting  tests.  At  this  time,  the  depth  of 
freezing  was  greater  in  the  sandy  s.lts  than  in  the  clayey  silts.  Blasting  tens  were 

SiesciVratlo  it  w?  hTT  deepest-  The  dePth  of  freezing  also  determined 

the  scale  ratio  at  which  tests  were  begun.  The  depth  of  frozen  ground  at  specific 

i'^kh  immlr*  X  i  Bin  r  W,asdeterminf d  before  e^h  blasting  test  by  wagon  drilling, 

.iiUJummei  dulling,  auger  drilling,  or  diamond  drilling. 

e*  sampling  and  coring.  Soil  samples  were  obtained  during  the  progress  of 

l»  explosion  tests  to  provKE  posit™  identification  of  soil  type  and  fo prov'df  ape cLtn, 
,Je,llled  labura"»T  tests,  Che  identification  samples  were  obtained  principally 

a  nozer;TrldbU“' llole  drminB  “d  from  h°>'a  mm  * 

an  "w‘  *  “ia™°"d  .«« 


1.  ,  '  —  o  *  wuicuuru  i  j  witti  a  niamoni  rn  i  iiqinrr 

U  withThin  win  C„  “|Sing  Compi" ’“"l  Vr  rath"  tha“  walor  “  »  circulating  medium; 

II  e  matarnTbroke^bi  M  “m|>lers  Z',d  dUm;  and  P)  Vom  ch„„k  samples  of 
tne  mate . . . U  biokeu  by  . .  explosion.  These  samples,  which  were  used  for  JetaiR . 1 

eating,  were  obtained  at  the . Hast  hole  sites  both  before  and  after  the . xplos'ion  test 

hC  diam°nd  COre  Samples  taken  Pr'or  to  explosion  tests  were  used  for',  series  of 


. . .  „ 
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Figure  5.  SIPRE  bare-wire  temperature  probe. 

unconfinex.!  compression  tests,  which  are  described  in  Section  II  of  this  chapter  The 
undisturbed  samples  taken  after  the  explosion  tests  were  used  principally  for  study  of 
the  blast  effects  on  the  soil  structure.  In  the  sampling  operation  after  the  explosion, 
special  at  ention  was  focused  on  the  craters  produced  by  the  large-scale  blasts. 
Samples  v.ith  the  thin-wall  open-drive  sampler  were  taken  of  the  individual  laysrs  of 
disrupted  material  at  the  crater  rims;  of  the  frozen  material  which  extended  be /ond 
the  zone  cf  disturbance;  and  of  the  unfrozen  material  both  in  the  disturbed  and 
undisturbed  zones. 

Figure  7  shows  the  Mining  Research  Corporation  drill  rig.  The  photograph  shows 
the  NX  core  barrel  attached  to  EX  rods  and  the  air  line  from  the  compressor  to  the 
"air  swiv»l"  attached  to  the  EX  rods. 

Two  types  of  coring  bits  were  tested.  One  type  was  set  with  industrial  diamonds, 
the  other  with  tungsten  carbide  inserts.  The  core  barrel  and  the  tungsten  carbide 
insert  coxing  bit  are  shown  in  Figure  8.  Core  recovery  with  the  diamond  bit  was 
superior  to  that  with  the  tungsten  carbide  bit,  but  it  is  probable  that  both  the  d»sigr.  of 
the  tungstxn  carbide  bit  and  the  technique  o^,  coring  in  frozen  ground  can  be  improved. 

A  variation  of  the  core -drilling  technique  was  employed  to  recover  10-in.  di.im 
cores  of  frozen  ground,  using  a  modified  calyit-type  barrel  equipped  with  diamond 
inserts  (.Jig.  9).  Air  was  used  as  the  circulating  fluid.  The  rate  of  rotation  was 
reduced  to  100  rpm  for  the  large  holes.  A  split-barrel  type  of  core  retriever  (Fig.  9) 
was  used  to  break  off  and  lift  the  core  from  the  drill  hole.  Figure  10  shows  a  typical 
core  sample  after  extrusion  from  the  diamond  core  barrel. 
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Figure  7.  Mining  Research  Corporation 

drill  rig.  Wagon  drill  mounted  at  Figure  8.  Core  barrel  and  tungsten  carbide 

front,  diamond  drill  in  center,  and  air  insert  coring  bit  used  in  the  tests, 

compressor  at  rear. 


Figure  9.  Modified  calyx  barrel  and  core 

retriever.  Shows  cutting  edge  of  barrel  Figure  10.  Diamond  core  sample  removed 
set  with  diamonds  and  top  of  core  lifter  from  core  barrel, 

threaded  to  fit  on  EX  drill  rods. 


Figure  1  1  shows  the  techniques  used  in  obtaining  samples  with  the  thin-wall  open 
drive  sampler.  The  sampler  is  forced  into  the  .frozen  or  unfrozen  soil  by  either  driving 
or  under  a  steady  pressure.  The  soil  adjaceht  to  the  sampler  tube  is  then  excavated 
and  the  tube  removed. 

Figure  12  shows  the  type  of  frozen  ground  samples  which  can  be  obtained  from  chunks 
of  the  material  broken  by  each  blast.  The  effectiveness  of  this  method  depends  upon  the 
degree  of  fragmentation  of  the  broken  materials.  It  is  impossible  to  obtain  satisfactory 
samples  of  the  ground  immediately  adjacent  to  the  explosive  charge  because  of  crushing 
and  flowage.  In  certain  blasts  when  the  weight  of  charge  was  light  relative  to  the  depth 
of  charge,  the  ground  was  broken  in  large  slabs  that  were  found  to  be  ideal  for  preparing 
test  cylinders. 
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Figure  11.  Sampling  technique  with 
thin-wall  sampler. 


Figure  13.  Typical  soil  stratification 


Figure  12.  Chunks  of  soil  disrupted 
by  explosion. 


Figure  14.  Distortion  of  strata  due  to 
explosion  pressure. 


Many  photographs  were  taken  of  the  blast  holes,  particularly  of  the  walls  of  the  large 
craters  after  they  were  trimmed  and  polished  to  an  inclined  plane  surface.  Thus,  much 
detail  relating  to  the  stratification  of  the  soil  and  the  layered  systems  resulting  from  the 
blast  has  been  preserved  for  future  study.  Figure  13  shows  the  stratification  and  layered 
systems  in  one  of  the  crater  walls.  In  Figure  14,  the  effect  of  the  explosion  pressure 
on  the  soil  stratification  can  be  clearly  seen  by  examining  the  small  chunk  of  frozen 
material  near  the  center  of  the  figure.  The  stratification  has  been  severely  bent  and 
folded  by  the  explosion. 

Unsuccessful  attempts  were  made  to  lift  a  profile  of  one  of  the  crater  walls  by 
spraying  the  surface  with  plastic.  However,  it  was  possible  to  remove  a  single  layer  of 
soil  which  clearly  indicated  grain  size  distribution  and  lens  detail.  The  plastic  coating 
did  not  prove  to  be  sufficiently  durable  for  the  technique  to  be  of  value. 

The  following  observations  can  be  made  as  a  result  of  visual  inspection  of  many  of 
the  craters  and  a  study  of  the  drilling  data. 

(1)  The  zone  of  disturbance  resulting  from  the  explosion  extends  a  considerable 


. . . . 


. . . . . irtiiii . . . 


PART  I.  EXPLOSION  TESTS  IN  KEWEENAW  SILT  19 


distance  laterally  from  the  crater  walls,  in  many  cases  as  much  as  20  ft. 

(2)  There  does  not  appear  to  be  a  marked  decrease  in  the  intensity  of  the 
disturbance  with  increased  lateral  distance  from  the  crater  walls.  This  would  indicate 
that  the  explosion  pressure  produced  a  mass  movement  of  the  soil  rather  than  a  local 
distortion. 

(3)  The  blast  effect  on  the  unfrozen  soil  appears  to  lessen  abruptly  at  a  certain 
depth  below  the  base  of  the  crater,  at  which  point  little  disturbance  of  the  soil  is 
distinguishable. 

(4)  There  does  not  appear  to  be  a  definite  relationship  between  the  position  of 
the  water  table  and  the  cratering  action  in  the  soil.  It  is  believed  that  instruments 
which  will  measure  the  acceleration  of  the  shock  waves  in  the  ground  water  may  be 
proper  tools  for  future  study  of  this  kind. 

f.  Layout  of  the  test  site.  The  layout  was  controlled  by  two  factors:  (1)  the  depth 
of  frost  in  clUferent  parts  of  the  site  and  (2)  the  need  to  avoid  interference  with  the 
operation  of  the  snow  plows  (a  snow  plow  cannot  operate  over  blasted  ground). 
Accordingly,  the  blast  holes  were  drilled,  and  blasting  was  begun,  at  the  far  end  of 
each  cleared  strip  in  rows  at  right  angles  to  the  centerline  of  the  strip.  Drilling  and 
blasting  retreated  in  rows  as  the  tests  progressed.  This  basic  plan  was  varied  later, 
when  thawing  made  some  spots  inaccessible  to  the  drill  truck.  At  that  time,  snow 
removal  was  not  an  important  factor,  and  the  later  holes  were  located  to  avoid  puddles 
of  water. 

8-  Spacing  of  blast  holes.  The  spacing  between  blast  holes  depends  upon  the  scale  of 
the  blast  and  upon  the  r7cf  ratio  of  the  largest  crater  that  might  be  produced.  The  r/d 
ratio  of  a  crater  in  any  type  of  ground  depends  upon  the  relation  between  the  weight  of 
explosive  charge  and  the  depth  of  the  charge.  The  r/d  ratio  is  greater  in  brittle  rocks 
than  in  plastic  rocks.  This  feature  is  a  fundamental  characteristic  influencing  the 
results  of  blasting. 

The  r/d  ratio  for  craters  in  frozen  ground  was  unknown  prior  to  blasting.  Frozen 
ground,  because  of  its  high  Poisson's  ratio,  perhaps  behaves  plastically  and  produces 
craters  smaller  than  those  in  granite.  The  r/d  ratio  for  craters  in  granite  approaches 
3.  0  for  moderately  heavy  blasts  which  produce  conical-shaped  craters.  This  ratio, 
probably  greater  than  the  r/d  ratio  for  frozen  ground,  was  used  in  planning  the  spacing 
of  blast  holes  in  the  blasting  test.  The  holes  were  spaced  a  distance  apart  equal  to  4 
times  the  crater  radius,  thus  providing  for  a  rib  of  undisturbed  ground  of  width  equal 
to  2r  (or  one  crater  diameter)  between  adjacent  craters.  Using  an  r/d  ratio  of  3.0 
and  a  height  of  charge  equal  to  two-thirds  the  depth  of  hole  is  equivalent  to  providing 
a  space  between  holes  of  7.  64  times  the  depth  of  center  of  gravity  of  the  charge.  In 
planning  the  layout  of  the  blast  holes,  a  spacing  of  8  times  the  depth  of  hole  was  used. 
The  correctness  of  these  assumptions  was  demonstrated  by  the  first  few  blasts, 

h-  gl^holc.  drilling.  Blast  holes  ranged  from  1  to  8f  in,  diam  and  from  4  to 
63  in,  in  depth.  Several  different  drilling  methods  were  used,  depending  upon  the 
diameter  and  depth  of  hole  to  be  drilled. 

The  1-in.  holes  were  bored  by  hand,  using  an  ordinary  ship  auger  equipped  with  a 
ratchet  handle,  although  a  regular  brace  would  have  been  better. 

Holes  from  I  1/l  to2in.  diarm  were  drilled  with  a  hand-held  56-lb  pneumatic  rock-drill 
(  ackhammer).  A  few  holes  larger  than 2in.  diam  were  drilled  with  the  hand-held  rock- 
drill  because  of  its  portability,  but  the  wagon  drill  was  preferred. 

The  wagon  drill  is  a  larger  rock-drill  than  the  hand-held  56-lb  machine.  The 
machine  used  by  Mining  Research  Corporation  was  a  standard  Gardner -Denver  D73 
drill  with  a  10 -ft  chain  feed,  mounted  on  the  front  of  the  drill  truck  (Fig.  15).  Sectional 
1-in,  hexagonal  drill  rods,  bit  adapters,  and  chuck  stubs  were  used.  Except  for  the 
larger  range  of  bit  sizes  used  (from  2  to  5indiam)  the  wagon -drilling  equipment  used 
for  the  Keweenaw  Tests  is  standard  equipment  for  deep-hole  drilling  in  sandstone.  All 
drills  were  equipped  with  two  line  lubricators:  one  for  light  rock-drill  oil,  and  the  other 


20 


EXCAVATIONS  IN  FROZEN  GROUND 


Figure  16.  Ka-Mo  augers  and  cutting 
heads.  1  he  long  center-screw  heads, 
shown  at  extreme  right  and  left  of 
photo,  did  not  penetrate  the  soil  as 
well  as  the  pilot-screw  heads,  shown 
in  center. 


Figure  15.  Drilling  with  the  wagon  drill. 
Used  for  2-5  in.  holes.  Because  of  the 
30°  F  ground  temperature,  the  cuttings 
were  removed  like  rock  cuttings. 


t\ 


Figure  18.  Priming  technique.  Charges 

Figure  17.  Auger  drilling  with  the  Mining  were  primed  by  a  piece  of  Primacord 
Research  Corporation  rig.  threaded  through  the  charge.  A  No.  6 

blasting  cap  was  taped  to  one  end  of 
the  Primacord. 
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for  alcohol  to  prevent  freezing  of  the  machine  and  drill  lines.  On  cold  days  when  ground 
temperatures  were  below  30°F,  the  rock-drills  worked  faster  and  removed  the  cuttings 
with  compressed  air  better.  Below  30°F,  frozen  ground  drills  like  a  rock,  and  the 
cuttings  are  removed  like  rock  cuttings.  As  the  ground  temperature  rises,  the  frozen 
ground  is  penetrated  more  slowly  by  the  drill.  Under  the  friction  of  impact  and 
rotation,  the  drill  cuttings  turn  to  mud,  which  plugs  the  air  holes  in  the  bit  and  may 
eventually  fill  up  the  hollow  drill  rod.  The  cuttings  are  trapped  between  the  rod  and 
the  drill  hole,  ball  up,  and  cannot  be  removed  by  compressed  air.  They  must  be  pulled 
up  as  a  plug,  using  the  wagon -dr ill  chain  feed.  The  plugged  rods  must  be  thawed  out 
over  a  tire  and  cleaned,  using  either  compressed  air  or  a  stiff  wire. 

It  was  found  possible  to  drill  holes  from  2  to  Sin.  diam  with  the  wagon  drill.  Perhaps 
the  most  effective  range  with  the  wagon  drill  is  2  to  3  in.  diam.  Holes  larger  than 
in.  require  large  compressor  capacity  and  perhaps  a  heavier  machine  than  the  D73. 

Holes  from  5  to  8  in.  were  drilled  with  an  auger.  Two  types  of  "Ka-Mo"  cutting 
heads  were  tried  (1  ig.  16).  The  long  center- sc rew-type  heads  were  found  to  penetrate 
frozen  Keweenaw  silt  at  a  much  slower  rate  than  the  short,  adjustable,  pilot-screw- 
type  bits  The  action  of  the  augers  and  the  arrangement  of  equipment  on  the  Mining 
Research  Corporation  drill  rigs  are  shown  in  Figure  17. 

l*  procedure.  Charges  were  made  up  from  specifications  of  charge  weight 

and  type  of  explosive  previously  computed  for  each  test.  A  knot  was  tied  in  the  end  of 
a  piece  of  Primacord  and  the  Primacord  threaded  through  the  charge  (Fig.  18).  The 
explosive  cartridge  was  taped  with  electrician's  tape  to  reinforce  the  cartridge  wrapper 
and  prevent  loss  of  powder  in  transporting  the  charges  to  the  blast  hole.  A  Number  6 
electric  blasting  cap  was  tafc>ed  to  the  other  end  of  the  Primacord  to  bind  the  two 
together  securely.  A  30-in.  length  of  Primacord  was  used  for  all  blast  holes  less  than 
f.  I"’.  11  necessary  to  increase  the  length  of  the  Primacord  in  deep  holes  so 

that  the  electric  blasting  cap  would  be  out  of  the  drill  hole  and  lie  above  the  ground 
without  any  sharp  bends.  Comparatively  few  holes  deeper  than  24  in.  were  blasted 
Charging  procedure  included  the  following  steps: 


1. 

2. 

3. 


4. 

5. 


Ihe  depth  of  the  hole  was  measured  and  compared  with  test  specifications 
to  make  sure  that  there  had  been  no  mistake  in  drilling,  and  that  no  loose 
material  had  fallen  in. 

I/_t,he  contain«d  loose  material  it  was  blown  out  with  compressed  air 
(Fig.  19). 

When  the  hole  was  found  to  be  of  the  specified  depth  and  clean, 
numbered  charge  was  rammed  firmly  down  into  the  hole  with  a 
tamping  stick  (Fig.  20). 

The  depth  to  the  top  of  the  charge  was  measured  and  recorded 
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Ihe  hole  next  was  filled  to  the  top  with  coarse,  dry  sand 
tamped  with  a  tamping  stick  (Fig.  22). 

After  tools  and  equipment  were  moved  to  a  safe  distance,  the  lee  wires 
of  the  blasting  caps,  previously  taped  to  the  Primacord,  were  connected 
to  the  ends  of  a  Number  18  duplex  rubber -cove red  lead  wire,  which  was 
inn  out  from  a  blasting  reel  to  the  firing  point. 

rhe  lead  wires  of  the  blasting  reel  were  connected  to  a  Du  Pont  CD -24 
capacitor -type  high-voltage  blasting  box,  and  the  shot  was  first 
more  holes  were  fired  at  a  time,  depending  on  the  size  of  the  c 
the  possibility  of  interference. 
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Figure  19.  Blowing  holes  with  compressed  air  to  remove  loose  material. 


Figure  20.  Tamping  the  charge.  Charge 
was  rammed  into  the  hole  with  a  wooden 
tamping  stick  after  hole  was  clean  and 
of  the  specified  depth. 


Figure  21.  Recording  depth  to  the  top  of 
the  charge. 


Figure  22.  Placing  stemming  material. 

Hole  was  filled  with  dry  sand  stemming, 

and  tamped  with  a  tamping  stick.  Figure  23.  Cross-sectioning  a  crater. 
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interface  and  the  considerable  labor  required,  no  attempt  was  made  to  completely  clear 
out  craters  produced  by  large  blasts  placed  below  the  frozen  layer.  The  rim  was 
cleaned  back  far  enough  to  expose  the  limits  of  heaving  or  fracturing,  and  the  sides  of 
the  crater  were  uncovered  down  to  the  frost  interface  at  least. 

Then  the  cleared  craters  were  surveyed  by  two  men  using  a  plane  table,  alidade, 
steel  tape,  and  range  pole.  The  craters  were  mapped  in  plan  view  to  a  scale  of  1  in. 
equals  1  ft.  Crater  cross  sections  were  made  at  the  same  scale.  Two  vertical  sections 
of  each  crater  were  taken  at  right  angles  to  each  other  through  the  center  of  the  drill 
hole.  The  crater-profiling  rig  (Fig.  23)  consisted  of  a  frame  of  two  scantlings  spaced 
2  in.  apart  and  a  sliding  block  riding  between  them,  with  a  hole  through  which  a  rod  of 
dowel  stock  could  slide  up  and  down.  The  scantlings  were  graduated  each  way  from 
the  center  point  for  measurements  of  horizontal  distances,  and  the  dowel  was 
graduated  from  end  to  end  for  vertical  measurements.  The  frame  was  laid  across  a 
crater  with  its  center  point  over  the  center  of  the  blast  hole,  and  then  leveled  by 
using  a  small  level  tube  attached  to  it.  The  dowel  stick  then  was  run  down  through 
the  vertical  hole  in  the  sliding  block  until  it  touched  the  bottom  of  the  crater.  The 
horizontal  and  vertical  coordinates  of  any  point  on  the  wall  of  a  crater  could  be 
measured  with  reference  to  the  center  of  the  hole  and  the  top  of  the  leveled  frame. 
Measurements  were  taken  at  changes  in  slope  or  at  other  significant  points,  such  as 
the  frozen-ground  interface. 

The  shape  of  the  chamber  produced  adjacent  to  the  explosive  charge  and  details  of 
scabbing  of  the  frozen-ground  interface  below  the  charge  were  obtained  with  a  folding 
rule  or  other  measuring  device  held  horizontally  from  the  dowel  stick. 

k.  Data-sheet  computations.  The  details  of  each  blast  and  the  characteristics  of 
the  resulting  crater  are  summarized  in  the  data  sheets  (see  Appendix).  The  first  13 
column  headings  are  self-explanatory  or  have  been  discussed.  Column  headings 
beginning  wilh  "Height  of  Charge"  are  explained  as  follows  (left  to  right): 

Height  of  charge  is  the  height  of  the  explosive  charge  when  tamped  in  the  bore- 
hole  ready  to  fireT  It  is  obtained  by  measuring  the  hole  before  and  after  placing  the 
charge. 

Height  of  stemming.  The  space  in  the  drill  hole  from  the  top  of  the  explosive  charge 
to  the  collar  of  the  drill  hole  was  packed  with  stemming  material  before  blasting.  The 
height  of  stemming  is  therefore  the  depth  from  the  collar  of  the  hole  to  the  top  of  the 
tamped  explosive  charge. 

Surface  to  center  of  gravity  (C.  G.  )  is  the  depth  from  the  collar  of  the  hole  to  the 
center  of  the  explosive  charge,  obtained  by  adding  one-half  of  the  "height  of  charge"  to 
the  "height  of  stemming,"  assuming  the  charge  to  be  of  uniform  density  and  uniform 
horizontal  cross-sectional  area. 

Center  of  gravity  to  interface,  the  distance  from  the  center  of  gravity  of  the  charge 
to  the  interface  between  the  frozen  and  unfrozen  ground,  is  obtained  by  subtracting  the 
depth  of  the  center  of  gravity  from  the  depth  of  frozen  ground. 

Crater  area  is  the  plan  area  of  a  crater  as  measured  by  planimeter  using  the 
plane-table  survey,  scale  1  in.  =  1  ft. 

Crater  radius  is  the  radius  of  a  circle  having  an  area  equal  to  the  crater  area. 

Crater  depth  is  taken  from  the  crater  cross-sections. 

Depth  of  slabbing:  For  analyzing  fully  developed  craters  in  which  only  one  zone  can 
be  recognized,  it  was  assumed  that  a  plane  passing  through  the  center  of  gravity  of  the 
explosive  charge  and  parallel  to  the  surface  separates  the  "slabbing"  zone  from  the 
"chamber"  zone  of  the  crater.  Hence,  for  such  craters,  the  depth  of  slabbing  equals 
the  distance  from  the  surface  to  the  center  of  gravity  of  the  charge.  In  some  cases,  a 
blast  produced  both  a  surface  crater  and  a  chamber,  separated  by  a  section  of  unbroken 
frozen  ground.  Under  such  conditions,  the  depth  of  slabbing  equals  the  depth  of  the 
shallow  surface  crater  above  the  explosive  charge. 
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excavations  in  frozen  ground 


cnamber  radius  is  the  radium  n,*,  , 

Plastic  flow  of  the  frozen  ground  as  a  result  oftlT  °r  bulb*shaPed  "ater  produced  by 
"alls  of  the  borehole.  tSUlt  °f  the  P™8s"e  of  the  explosion  on  the 

The  r/d  ratio  is  the  calculated  craf»r  ..-.j-  .  , 

gra-JfraihFSplo,ive  change I.  I^  d^d  ^  the  d^th  *°  «*  cc„,er  o £ 

depth  of  charge  relative  to  the  weight  rf  explosive  aP"  °f  1  "ater  »f  the 

Similitude  ratio  is  the  distanro  frc-v, 

theTSttom  oflheTe suiting  crater  divided’ bv^Tl^1"  u  gI*avity  °f  the  erosive  charge  to 
gravity  of  the  explosive  charge  to  the  grold^ul  t!^  diSta"Ce  from  the  center  o 
a  means  of  comparing  craters  of  diffefwt  ,te9 w*  T  the  exPlo^e.  It  provides 
last  results  in  a  similitude  ratio  of  1.0.  Slrmlar  shapes.  A  critical-depth 

Crate r  volume  is  the  sum  of  th«  „ ,  , 

minimize  error  because  of  irregularity  in  shT"'  ^  the  chamber  volume.  To 
usmg  the  average  of  two  areas  <Sf  revoLion^hf!  °£  ^?ter’  the  volume  is  calculated 
the  area  of  the  crater  as  determined  bv  th  ■,  i  dmed  from  the  cross  sections  and  from 
volume  is  calculated  from  the  Simula,  Plane'table  field  measurements.  The 
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V  is  crater  volume 

A  .secalrfme,a  °f  tW°  crater  "oss 
sections  at  right  angles  to  each  other. 

T  to  crai™  *l:a"TCle  °f  area^ 

?fh  °'^°P°‘^tCc.da  wiT  irt  prothced  by  a  combi"ali°“ 

.lab  volume  i.  obtained  by  subtracting  the  chamber  v^l'  /  <han  by  plas,ic  «<™- 

Chamber  volume,  strictly  sneaking  '  «  olume  from  the  crater  volume. 

proved  by  pIwtlTflow  and  -borehole  I  P<mi°r  of  the  volume  of  a  crater  that  is 
influenced  by  such  factors  as  weight  ,  sPr*"g‘"g.  ”  The  shape  of  the  chamber  ls 
However,  because  of  variations t c^FX***1'*  ch*r**>  a"d  interface  iatio 
relative  to  the  center  of  gravity  of  the  f.vni  laPe  and  ln  the  position  of  the  chamber 
accurately  the  limits  of  the  chamber  insl^  *  is  difficult  define 

ia  cone  shaped;  in  other  instances  it  is  spher icaV^  11™*'  the  lower  balf  of  the  chamber 
shape  are  discussed  in  this  report  As  1,  i  '  lhe  reasons  for  these  chances  in 
b  asts  of  all  types,  we  have  arbitrarit  takon  °*  the  chamb"  cannot  be  Sed  for 
charge  as  a  point  on  the  plane  8^,1  ^  Center  of  gravity  of  the  explosive 

1S  Probable,  therefore,  that  the  datl  lh8  r  ®lab  Volume  and  'he  chamber  volume  n 
portion  of  their  true  v^lue,  ^amber  volume  T  “ 
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pack,  and  excellent  results  were  achieved.  The  adopted  plan  was  to  photograph  each 
blast  hole  immediately  after  it  was  shot.  If  a  crater  was  produced  by  the  blast,  the 
crater  was  photographed  again  after  the  loose  material  had  been  removed.  A  few 
pictures  were  taken  from  eye  level,  but  most  were  taken  vertically  downward  from  a 
position  on  the  drill  truck  about  10  ft  above  the  ground.  In  some  cases  the  large  size  of 
the  craters  made  it  impossible  to  include  the  entire  crater  in  a  vertical  photograph, 
even  from  the  highest  available  position  on  the  mast  of  a  Corps  of  Engineers  drill 
truck.  Under  such  circumstances,  oblique  shots  were  taken  from  the  best  available 
position.  In  all  photographs,  a  surveyor's  level  rod  was  included  as  a  scale.  A  title 
board  was  used  to  identify  each  blast  hole  and  show  data  regarding  the  explosive  charge 
used.  An  aluminum-paint  spray  was  used  to  outline  the  crater  and  add  "relief." 

Section  II.  Laboratory  Tests 

1 .  Soil  handling  and  storage 

The  soil  samples  were  transported  from  the  test  site  to  the  laboratory  at  the 
Keweenaw  Field  Station  for  storage.  Prior  to  storage,  the  core  samples  were  extruded 
from  the  core  barrels  and  the  chunk  samples  cut  into  small  specimens  for  convenience 
of  handling.  The  samples  which  were  taken  with  the  Zl/a  in.  diam  diamond  core  barrel 
were  found  to  have  a  tapered  section  when  removed  from  the  barrel.  The  area  of  the 
upper  portion  of  the  sample  had  been  reduced  by  the  longer  period  of  contact  with  the 
rotating  core  barrel.  Because  of  this  loss  in  cross-section,  portions  of  these  cores 
were  not  sufficiently  large  to  provide  specimens  for  the  detailed  soil  tests.  The  samples 
taken  with  the  larger  core  barrels,  ranging  to  10  in.  diam,  were  found  to  be  completely 
usable. 

The  specimens  were  stored  in  a  large  cold  room  during  the  winter  months  and  in 
either  commercial  deep  freeze  units  or  a  refrigerated  trailer  during  the  spring  and 
summer.  The  large  cold  room  was  refrigerated  by  two  large  cooling  units  capable  of 
maintaining  temperatures  below  the  freezing  point  during  most  of  the  year.  During  the 
winter  months,  the  temperature  of  the  cold  room  was  approximately  equal  to  the 
ambient  outdoor  temperature.  Considerable  loss  in  weight  due  to  surface  evaporation 
was  noted  when  the  storage  temperature  ranged  from  32°F  to  22®F.  To  study  the  effect 
of  the  storage  temperature  on  surface  evaporation  or  sublimation,  small  specimens  of 
the  frozen  soil,  approximately  1-in.  cubes  with  polished  surfaces,  were  prepared  and 
stored  at  various  temperatures.  The  results  indicated  that  a  temperature  range  from 
10°  to  14°F  effectively  reduced  the  rate  of  surface  evaporation.  Various  methods  were 
investigated  to  further  reduce  sublimation  of  the  samples,  since  it  was  recognized  that 
failure  to  control  this  factor  would  result  in  misleading  test  results.  Surface  coatings 
of  synthetic  resins,  silicone  oils,  varnishes,  natural  oils,  and  other  commercially 
available  products  were  sprayed  or  painted  on  the  specimens.  Vegetable  and  mineral 
waxes,  used  successfully  to  protect  unfrozen  soils  from  loss  of  moisture,  could  not  be 
used  since  they  must  be  heated.  Though  many  of  the  surface  coatings  reduced  the  rate 
of  surface  evaporation,  none  of  the  coating  materials  investigated  provided  complete 
protection  for  more  than  a  v'eek.  Two  fairly  successful  methods  were  finally  devised:  (1) 
The  sample  was  coated  with  a  synthetic  resin  and  then  immersed  in  kerosine  or  other 
non-hygroscopic  fluid  at  sub-freezing  temperature  as  long  as  protection  was  required, 

(2)  the  sample  was  wrapped  in  aluminum  foil,  known  commercially  as  freezer  foil. 
Samples  wrapped  tightly  in  this  foil  did  not  lose  significant  weight  when  stored  at  the 
lower  temperature  range  previously  mentioned.  This  type  of  protection  has  an  added 
advantage  of  eliminating  the  problem  of  sample  contamination,  which  is  particularly 
desirable  when  the  soils  are  to  be  used  for  routine  classification. 

2.  Soil  classification  tests 

a.  Specimen  preparation.  Cutting  of  the  cores  and  chunk  samples  presented  a 
problem,  as  the  frozen  soil  exhibited  a  toughness  similar  to  that  of  non-ferrous  metals. 
Also,  the  individual  grains,  being  largely  composed  of  silica,  proved  to  be  highly 
abrasive.  The  problem  of  sample  cutting  was  not  apparent  during  the  early  part  of  the 
laboratory  program  because  the  chunk  samples  obtained  from  the  field  were  generally 
small.  As  the  scale  of  the  field  experiments  was  increased  and  the  size  of  the 
fragmented  material  from  the  craters  became  larger,  it  became  apparent  that  the 
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equipment  available  for  cutting,  a  metal  cutting  band  saw,  was  ineffective.  Although 
power-driven  tools  proved  adequate  for  rough  cutting  of  the  large  fragments,  which 
ranged  from  30  to  90  lb  in  weight  and  12  to  30  in.  in  long  dimension,  continual 
maintenance  and  blade  replacement  were  required.  Tests  indicated  that  a  metal- cutting 
band  saw  blade  was  completely  stripped  of  teeth  in  20  min.  of  continual  operation.  No 
conspicuous  difference  in  blade  life  was  noted  between  the  ferrous,  non-ferrous,  and 
wood-cutting  blades.  A  controlled  study  of  this  problem  should  be  conducted  before 
drawing  any  definite  conclusions. 

b.  Test  procedure.  The  basic  classification  tests  which  are  customarily  conducted 
on  unfrozen  soil  specimens  ( i.  e.  ,  mechanical  analysis,  Atterberg  limits,  density  and 
water  content  determination,  specific  gravity  and  organic  content  determination)  were 
conducted  on  representative  specimens  from  all  the  blast-hole  areas  sampled.  In 
addition  to  these  basic  tests,  hardness  tests,  using  the  Shore  scleroscope,  and  unconfined 
compression  tests  were  conducted  to  provide  additional  classification  data.  In  order  to 
study  the  soil- ice  relations,  mineral  identification,  particle  shape  and  the  crystal 
lattice  orientation  of  the  ice  lenses, polished  sections  and  thin  sections  were  prepared 
from  the  frozen  soil.  To  obtain  polished  sections,  the  rough-cut  section  was  usually 
shaped  into  either  a  cube  or  a  cylinder.  The  faces  or  surfaces  of  the  specimens  were 
prepared  by  finishing  with  sandpaper  or  a  scraper  to  within  approximately  2%  of  the 
final  measured  dimensions.  A  final  polish  was  given  the  specimen  with  a  hard-backed 
cloth  on  at  least  one  surface  or  face.  The  polished  section  provided  sufficient  detail 
to  permit  both  the  crystal  lattice  orientation  and  particles  of  0.  1  mm  size  to  be  easily 
traced.  Color  variations  of  the  individual  layers  in  the  sedimentary  material 
warranted  the  use  of  color  photography.  Photography  also  provided  an  expedient 
means  of  illustrating  ice  forms  in  the  soil.  Natural  density  determinations  were  made 
on  the  cubic  or  cylindrical  specimens.  Unconfined  compression  tests  were  conducted 
on  1-in.  cube  specimens.  Cyclic  loading  was  used  to  evaluate  the  elastic  behavior. 

c-  Test  results.  Typical  moisture  content  and  gradation  data  from  10  representative 
blast  holes  are  presented  in  Table  V.  Soil  stratification  data  from  Blast  Hole  50  are 
shown  in  Table  VI.  To  obtain  these  data  the  wall  of  Blast  Hole  50  was  trimmed,  polished 
for  purposes  of  photography,  and  sampled  to  provide  data  on  the  stratification.  The 
periodic  nature  of  the  gradation  percentages  with  depth  is  consistent  with  the  mechanics 
of  v^acer-deposited  solids.  More  detailed  classification  data  were  obtained  at  Blast  Hole 
182  and  184  by  sampling  of  the  crater  walls  (Tables  VII,  VIII).  Samples  were  taken 
near  the  crater  of  hole  182  so  that  soil  characteristics  of  the  material  adjacent  to  the 
crater  walls  can  be  compared  with  soil  characteristics  at  some  distance  from  the  wall 
face  (Table  VIII). 

A  study  of  the  classification  data  indicates  that  the  frozen  soils  with  the  finest 
gradation  possess  the  highest  moisture  content  and  lowest  density,  a  relationship  which 
has  been  well  established  in  the  field  of  soil  mechanics.  The  major  exception  to  this 
relationship  is  found  in  the  highly  organic  sandy  soil,  which  exhibits  both  high  density 
and  high  moisture.  The  moisture  content  of  the  silts  were  in  many  cases  found  to  be  in 
excess  of  their  water-holding  capacity,  which  implies  the  presence  of  ice  lenses.  The 
study  of  thin  and/or  polished  sections  of  frozen  ground  under  the  binocular  microscope 
was  successfully  arranged.  Photographs  of  15,  30,  and  45  power  magnification  were 
taken  using  a  photo-flood  type  of  direct  lighting.  Temperature  on  the  stage  must  be 
quite  low,  approximately  +10°F,  to  prevent  melting.  Ice  lenses  in  thin  sections  can  be 
studied  by  using  a  conventional  focusing  light  source  passed  through  the  ice  lens  (Fig.  24). 
The  orientation  of  the  ice  crystal  lattice  is  clearly  defined  by  using  crossed  polaroids. 
Columnar  ice  with  the  c-axis  very  uniformly  arranged  parallel  to  the  direction  of  freezing 
( i.  e.  normal  to  the  ground  surface  and  soil  stratification)  was  observed  in  ice  lens  of 
2  mm  thickness.  The  color  photography  was  not  too  effective  because  of  faulty  exposure 
control.  The  mechanics  involved  in  a  phase  change, particularly  thawing,  were  also 
observed  under  a  binocular  microscope.  The  most  valuable  information  obtained  in 
this  manner  was  a  determination  of  the  orientation  of  the  ice  crystals  in  the  lens.  The 
interface  between  the  soil  and  the  optically  clear  ice  in  lens  was  found  to  be  very 
irregular. 


PA RT  I .  EX  PLOSION  TES  IS  IN  KE  WE  EN  A  W  SILT 


27 


Table  V.  Typical  moisture -content  and  grain-size  data. 


Blast  Hole 

Natural  Moisture 
Content  (%) 

Grain  Size  Distribution 

%  Finer  than 

0.  Q74  mm 

%  Finer  than 

0.02  mm 

8 

24.  2 

32 

2 

20 

31.  5 

79 

13 

34 

37.  2 

95 

24 

35 

84.  6 

72 

12 

39 

51.9 

90 

35 

42 

21.  1 

75 

17 

44 

51.  1 

52 

7 

48 

50.  5 

96 

29 

51 

48.  3 

98 

47 

56 

43.  9 

94 

18 

Table  VI.  Soil  stratification  data,  Blast  Hole  50. 


Sample  No. 

Depth 

(in) 

Grain  Size  Distribution 

%  Finer  than 

0.  074  mm 

%  Finer  than 

0.  02  mm 

15 

17 

94 

44 

17 

34 

75 

16 

19 

51 

70 

0 

21 

68 

53 

? 

22 

85 

74 

8 

28 

102 

45 

12 

29 

119 

84 

29 

31 

136 

94 

12 

33 

153 

35 

3 

3.  Tests  to  determine  stress- strain  relationship 

a*  General.  A  consultant's  conference  was  held  in  November  1953  to  develop  a 
plan  of  test  for  the  project.  At  this  conference,  it  was  decided  that  the  stress-strain 
characteristics  of  the  frozen  soil  to  be  used  for  the  explosion  tests  would  be  studied  by 
use  of  the  unconfined  compression  test.  It  was  further  concluded  that  these  tests  would 
be  conducted  at  varying  rates  of  stress  and  lor  a  range  of  temperatures,  since  the  elastic 
plastic  properties  of  frozen  soil  are  known  to  be  effectively  influenced  by  changes  in 
these  factors.  In  addition  to  obtaining  the  usual  axial  stress  ■■strain  relationship,  it  was 
decided  to  measure  the  lateral  strains  during  the  tests  to  provide  information  on 
Poisson's  ratio. 

In  accordance  with  the  conclusions  reached  at  the  conference,  one  series  of  tests 
was  conducted  at  an  applied  rate  of  stress  of  approximately  400  psi/rnin  and  another 
series  at  a  stress  rate  of  approximately  1000  psi/rnin.  Both  series  of  tests  were 
conducted  at  a  temperature  of  30°F,  which  represented  the  average  temperature  of  the 
frozen  soil  during  the  explosion  tests.  Tests  at  other  . . mperatures  are  to  be  conducted 


"o  determine  the  effec 


but  were  . . .  completed  in  time  for  inclusion  of  this  ref . art 

the  orientation  of  the  strata  on  the  compressive  strength,  of  the  soil,  test  specimen! 
were  prepared  so  that  the  applied  load  could  be  directed  parallel  to  the  atratificatio 


t  of 


normal  to  the  stratification,  and  inclined  to  the  stratification.  . .  testa  at  a  loading 

rate  of  400  psi/min  were  run  on  specimens  with  the  stratification  parallel  and  normal 

l;o  . . direction  of  loading  only;  the  tests  conducted  at  the  higher  rate  of  loading  . . re 

on  8 1 with  the  stratification  parallel,  normal,  and  inclined  the  direction 

of  loading. 
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om  measured  dimensions,  weight  and  water  content  of  frozen  specimen  after  trimming. 

&ter  content  in  relation  to  dry  unit  weight  with  all  water  assumed  in  frozen  state, 
puted  to  be  over  100%  are  shown  as  100%. 
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Figure  24.  Ice  lens  detail.  Magnification:  30x. 
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Figure  29.  Cutting  ends  of  specimen. 


Figure  30. 


Weighing  specimen. 
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b.  Specimen  preparation  for  unconfincd  compression  tests.  The  test  specimens 
were  cylindrical,  approximately  2  in.  diam  and  5  in,  long.  The  height  to  diameter 
ratio  was  maintained  at  2,  5,  within  ±  0.  5%,  generally  by  varying  the  specimen  length 
rather  than  by  changing  the  diameter  of  the  specimen.  Procedures  were  similar  to 
those  used  to  prepare  specimens  for  classification  tests,  but  some  improved 
techniques  were  used. 

(1)  A  mass  of  frozen  soil  (Fig.  25)  was  rough  cut  on  the  band  saw  to  a  shape 
measuring  2.  5  to  3  in.  in  cross  section  and  approximately  6  in.  long  (Fig.  26). 

(2)  The  sample  was  placed  in  a  special  jig  which  permitted  the  frozen  soil  mass  to 
rotate  about  an  axis  paralleling  the  6*in. dimension.  The  jig  and  the  soil  were  placed 
on  the  band-saw  table  and  the  sample  was  trimmed  to  the  shape  of  a  rough  cylinder 
(Fig.  27). 

(3)  The  jig  and  soil  sample  were  placed  on  the  drill  press  table  and  the  jig  firmly 
clamped  to  the  table  (Fig.  28).  Rotation  of  the  sample  was  provided  by  friction 
contact  with  a  large  rubber  wheel  mounted  on  the  shaft  of  the  drill.  If  the  sample  is 
accurately  centered,  it  will  remain  in  a  fixed  position  while  in  rotation,  so  that  cutting 
tools  can  be  used  to  shape  the  sample  to  a  precise  diameter. 

(4)  Excess  material  was  trimmed  from  the  sample  using  an  assortment  of  common 
tools  including  knives,  rasps,  files,  steel  straight  edges,  saw  blades,  and  various 
grades  of  stiff- cloth-backed  abrasive  material.  The  latter  tool  proved  to  be  the  most 
successful.  To  prevent  clogging  with  cuttings,  the  abrasive  was  applied  under  a 
vibrating  action  which  tends  to  clean  the  cutting  surface.  A  machinist's  square  and 
calipers  were  used  to  determine  when  the  desired  diameter  and  plane  were  reached, 
The  cylinder  was  polished  with  a  soft  cloth  to  bring  out  the  natural  soil  structure. 

The  best  temperature  for  the  laboratory  where  the  final  trimming  is  done  varies  some¬ 
what  with  the  type  of  soil  composing  the  sample.  The  range  of  temperatures  used  was 
from  +  109F  to +25°F. 

(5)  After  the  correct  diameter  was  obtained, the  sample  was  removed  from  the  jig 
and  placed  in  a  miter  box  where  the  ends  were  trimmed.  This  operation  (Fig.  29) 
was  difficult  and  required  hand  sawing  and  scraping.  Extreme  care  was  required  to 
obtain  precisely  plane  and  parallel  ends. 

(6)  The  cylindrical  specimens  were  measured,  weighed,  and  inspected  for 
conspicuous  physical  features  such  as  stratifications,  organic  matter,  and  ice  lens 
formation  (Figs.  30,31).  Sampling  trimmings  were  used  for  mechanical  analysis  and 
Atterberg  limit  tests.  The  specimens  were  then  wrapped  in  aluminum  foil  with  an. 
identification  tag  attached  and  placed  i,n  a  labeled  canvas  sack  for  storage  in  the  deep 
freeze. 

It  is  evident:  that  much  study  is  needed  to  determine  the  effects  of  manipulating  the 
frozen  material  in  the  way  described  above.  It  is  known,  for  example,  that  the 
specimens  were  subjected  to  a  variety  of  externally  applied  loads  during  the  specimen 
preparation. 

c.  Test  procedure.  Axial  and  lateral  strains  were  measured  during  the  tests, 
using  a"s peciif  type  of  strain  gage  developed  by  personnel  of  the  Technical  Equipment 
and  Frozen  Ground  Applied  Research  Branches.  Preliminary  study  of  past  field  work 
indicated  that  unit  strains  of  the  order  of  15  to  207#  could  be  anticipated. 

The  gage  adopted  for  use  was  of  the  proving  ring  type,  consisting  of  an  arched, 
nearly  semi-circular  shaped  section  of  copper  alloy  with  a  thickness  of  0.02  in.  and  a 
width  of  0.  50.  The  gages  used  for  measuring  axial  strain  had  a  radius  of  curvature  of 
0.  5  in. ,  which  corresponded  to  a  1.  -  in.  gage  length,  while  the  lateral  strain  gages  had 
a  radius  of  curvature  of  1.0  in.  Strains  applied  along  a  plane  passing  through  the  gage 
points  produce  bending  in  the  element,  which  results  in  extension  of  the  outer  fibers 
and.  compression  of  the  fibers  on  the  inner  face.  Movement  of  the  gage  point  can  be  as 
great  as  ±0.5  in.  without  causing  stresses  in  excess  of  the  proportional  limit.  SR-4, 
type  A-3,  electric  strain  gages  we  re  cemented  to  both  the  inner  and  outer  faces  of  the 
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Figure  33.  Drilling  holes  in  specimen 
for  gage  points. 


Figure  35.  Tempering  cabinet. 


Figure  32.  Strain  gage  details. 


Figure  34.  Placing  gage  points. 


Figure  36.  Compression  test  assembly 
showing  specimen  prior  to  test. 
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arched  metal  strips,  These  electric  strain  gages  were  wired  to  the  potentiometer-type 
bridge  in  such  a  way  that  the  recorded  strain  of  the  two  SR-4  gages  would  be  additive. 
This  type  of  hook-up  eliminated  the  necessity  of  applying  a  temperature  correction  to 
the  strain  readings.  Fixtures  attached  on  the  ends  of  the  arched  metal  strips  permitted 
attachment  of  the  gages  to  the  specimens  and  also  added  stiffness  to  the  arched  sections, 
which  tended  to  increase  the  sensitivity  of  the  gages. 

The  gage  points  on  the  specimens  consisted  of  the  box  portion  of  a  commercial 
fastener  known  as  the  Dritz  Dot  Snapper.  The  soil  specimens  were  processed  to 
receive  the  gage  points  by  drilling  holes  of  Vs-in.  diam  and  approximately  */*-in.  depth 
into  the  specimen,  using  a  gage  block  to  maintain  the  proper  gage  length.  The  drilled 
holes  were  then  filled  with  water  and  the  metal  box  portion  of  the  fastener  was  seated 
in  the  drilled  holes  and  frozen  into  the  specimen.  The  fixtures  on  the  ends  of  the  strain 
gage  were  designed  to  provide  a  snug  fit  when  inserted  into  the  gage  points.  Figures 
32-34  show  details  of  the  strain  gages  and  the  method  of  mounting  them  on  the  specimens. 
It  will  be  noted  that  two  axial  strain  elements,  spaced  180"  apart,  were  used  to  provide 
a  measure  of  the  mean  axial  deformation,  since  it  was  anticipated  that  the  strain  would 
not  be  equal  on  the  two  sides  except  under  abnormal  conditions.  Only  one  lateral  strain 
gage  was  used  owing  to  lack  of  space  on  the  specimen. 

The  temperature  in  the  cold  room  in  which  the  specimens  were  tested  was  controlled 
manually  to  maintain  a  temperature  of  approximately  30*F.  This  temperature  was 
selected  as  representative  of  the  average  ground  temperature  during  the  explosion  tests. 
Six  thermocouples,  located  at  random  positions  throughout  the  cold  room,  were  read 
by  an  electronic  recorder.  Prior  to  testing,  a  thermocouple  was  inserted  in  a  drilled 
hole  in  the  center  of  each  cylinder.  The  specimen  was  then  placed  in  a  tempering 
cabinet  (Fig.  35)  near  the  testing  machine,  which  permitted  the  specimen  temperature 
to  reach  the  selected  test  temperature  at  a  rate  of  approximately  l"F  per  hr. 

The  compression  tests  were  conducted  in  a  120,000-lb  capacity  hydraulic  testing 
machine.  An  electronic  recorder  was  used  to  record  the  two  axial  strains,  the  lateral 
strain,  and  the  applied  load.  The  total  strain  was  measured  in  500-lb  load  intervals 
with  an  Ames  dial  mounted  so  that  the  exact  movement  of  the  loading  head  could  be 
measured.  The  applied  load  was  read  directly  on  the  testing  machine  indicator  dial 
and  was  recorded  on  the  same  chart  as  the  strain  measurements  by  use  of  a  6000-lb 
Baldwin  SR-4  load  cell. 

Calibration  of  the  strain  gages  and  load  cell  and  standardization  and  range  adjust¬ 
ment  of  the  electronic  recorder  were  made  prior  to  each  test.  Each  gage  was  flexed 
in  a  mechanical  extensometer  to  a  maximum  strain  of  0.  25  in.  During  calibration,  the 
axial  strain  gages  decreased  from  1.00  to  0.  75  in.  in  length,  and  the  lateral  strain 
gage  increased  from  2.  00  to  2.  25  in.  long.  The  recorder  was  standardized  and  the 
range  adjusted  so  that  each  of  the  100  divisions  on  the  recorder  corresponded  to  ,0025  in. 
The  strains  were  found  to  be  linear  throughout  the  full  scale  to  within  less  than  1%. 

The  load  cell  was  then  calibrated  in  the  testing  machine  and  the  values  on  the  electronic 
recorder  were  compared  to  ffvose  read  directly  on  the  indicator  dial  of  the  testing 
machine.  The  recorder  was  standardized  and  the  range  adjusted  so  that  each  division 
represented  100  lb  of  total  load.  The  chart  speed  of  the  recorder  was  set  at  10  in.  /m in. 

The  specimen  was  placed  in  position  in  the  testing  machine  and  load  was  applied 
at  one  of  the  established  rates  of  400  psi/min  or  1000  psi/min.  After  the  test,  the 
cylinder  was  taken  to  the  soils  laboratory  for  the  standard  physical  tests,  Figure  36 
shows  the  test  set-up. 

d.  Results,  Figures  37  and  38  show  typical  gradation  curves  for  the  frozen  soils  used 
in  the  compression  tests.  The  relationships  between:  (a)  unit  stress  and  unit  axial 
and  lateral  strains;,  (b)  unit  stress  and  Poisson's  index,;  (c)  unit  stress  and  volume 
change  of  the  test  specimen  are  shown  for  typical  specimens  in  Figures  39-43.  The  unit 
stress  and  strain  values  shown  represent  true  values,  since  they  were  calculated  from 
the  actual  cross  section  of  the  specimen  at  the  time  the  stress  or  strain  occurred. 

The  Poisson's  index  was  computed  for  specific  increments  of  stress.  In  general,  the 
increment  of  stress  used  was  50  psi.  The  Poisson's  index  values  represent  the  ratio  of 
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figure  3/.  Gradation  curves,  compression 
test:  samples  loaded  at  400  psi/min. 


Figure  38.  Gradation  curves,  compression 
test  samples  loaded  at  1000  psi/min. 


Figure  39.  Compression  test  data,  Sample  6.  Soil  type:  silt  f()L) 
ol: ratification:  perpendicular  to  loading.  Rate  of  loading:  400  psi/min, 
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Figure  42.  Compression  test  data,  Sample  7.  Soil  type:  sandy  silt  (OL), 
Stratification:  oblique  to  loading.  Rate  of  loading:  1000  psi/min. 
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^?.gU^r43,  ■  Compression,  . . .  data.  Sample  10.  Soil  type:  sandy  silt  (OL). 

Stratification:  . . . . endieular  to  loading.  Rate  of  loading:  1000  psi/min. 
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Poisson's  index  varied  considerably  and  was  dependent  on  the  magnitude  of  the  stress 
range  for  which  it  was  computed.  The  degree  of  saturation  is  based  on  the  water  content 
of  the  test  specimen  at  the  beginning  of  the  test  in  relation  to  dry  unit  weight  with  all 
water  assumed  to  be  in  a  frozen  state.  Values  computed  to  be  over  100  Jo  are  presented 
as  100%.  The  rate  of  volume  of  ice  to  volume  of  soil  is  also  based  on  the  assumption 
that  all  moisture  in  the  sample  is  frozen.  Table  X  shows  the  average  unconfined 
compression  test  values.  Figures  44-49  show  core  samples  before  and  after  testing. 

e.  Observations.  Examination  of  the  test  specimens  indicates  that  in  almost  every 
case  failure  occurred  in  the  plane  of  the  stratification  regardless  of  the  orientation  of 
the  stratification  to  the  direction  of  loading.  This  strongly  indicates  that  the  volume  of 
ice  within  the  specimens  which  averaged  over  100%  for  the  specimens  tested,  was 
sufficient  to  control  the  strength  of  the  soil-ice  mixture,  and  that  the  soil  itself  lost  its 
identity  when  the  pore  water  froze.  The  maximum  compressive  strength  values,  which 
range  from  237  to  891  psi,  fall  within  the  normal  range  for  the  compressive  strength 
of  ice  when  tested  at  temperatures  of  approximately  -2*C. 

The  data  indicate  a  large  scatter  among  the  observed  stress  and  strain  values.  It 
is  likely  that  this  scatter  indicates  the  extreme  sensitivity  of  the  soil-ice  mixture  to 
slight  variations  in  the  specimen  temperature  at  the  time  of  test,  particularly  in  the 
near  thawing  range  at  which  the  tests  were  conducted.  As  a  result  of  the  scatter,  it  is 
difficult  to  establish  whether  the  orientation  of  the  stratification  or  the  rate  of  loading 
had  a  marked  effect  on  the  compressive  strength,  Poisson's  index,  and  tangent 
modulus.  However,  the  data  indicate  that  the  compressive  strength  was  generally 
higher  for  the  specimens  with  ice  lenses  parallel  to  the  direction  of  loading.  This  is 
not  borne  out  by  the  average  values  for  the  specimens  tested  at  a  1000  psi/min  rate 
of  stress  increase  (Table  X),  since  a  low  compressive  strength  value  of  344  psi 
(Specimen  5)  was  included  in  computing  the  average  value.  This  trend,  if  such  is  the 
case,  appears  to  be  reasonable  and  in  agreement  with  observations  made  on  unfrozen 
soil,  where  it  has  been  demonstrated  many  times  that  the  shearing  strength  is  usually 
greater  across  the  strata  than  parallel  to  it.  When  the  strata  are  parallel  to  the 
direction  of  loading,  the  shearing  planes  tended  to  cut  across  the  stratification  more 
than  when  the  strata  are  perpendicular  or  oblique  to  the  direction  of  loading.  In  the 
latter  cases,  failure  occurred  by  bulging  (sliding  along  the  horizontal  ice  strata)  or  by 
sliding  along  the  oblique  plane,  the  strata. 

With  reference  to  the  tangent  modulus,  it  is  apparent  that  the  modulus  computed 
from  the  lateral  stress-strain  relations  is  generally  larger  than  those  calculated  from 
the  axial  values.  This  would  indicate  that  the  lateral  strains  during  the  initial  stages 
of  loading,  the  so-called  elastic  range,  were  somewhat  larger  than  the  axial  strains. 

No  clear-cut  relationship  was  found  between  the  Poisson's  index  values  and  either  the 
orientation  of  the  stratification  or  the  rate  of  loading.  The  maximum  compressive 
strength  plotted  against  the  ratio  of  the  volume  of  ice  to  the  volume  of  soil  (Fig.  50) 
shows  a  tremendous  scatter  in  the  data,  and  no  significant  relationship  appears  evident. 


Figure  44.  Sample  2  before  compression  test  Figure  45.  Sample  2  after  compression  test 


UNCONFINED  COMPRESSION  TEST  DATA, 
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Figure  46.  Sample  7  before  compression 
test. 


Figure  47.  Sample  7  after  compression 
test. 


Figure  48.  Sample  10  before  compression  Figure  49.  Sample  10  after  compression 
test.  test. 
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TABLE  X.  AVERAGE  SOIL  DATA  AND  COMPRESSION  TEST  VALUES 


Stratification 

Number 

of 

Compressive 

Strength 

(pst) 

Moisture 

Content 

(%) 

Vol.  ice 

Tangent  Modulus 
(pai) 

Axial  Lateral 

Poisson's  Index 

Low  Mi  ah 

Samples* 

Vol.  soil 

Stress 

Range** 

Stress 
Range  *** 

a.  Rate  of  at 

Parallel  to 
loading 

reas  increi 

17 

ase  *  400  psi/« 

596 

run, 

45.0 

1.  14 

78,000 

140,000 

0.490 

0.513 

Perpendiculai 
to  loading 

1  8 

432 

!  39.2 

1.  14 

67,000 

70,000 

0.464 

0.531 

b.  Rate  of  at 

Parallel  to 
loading 

resa  incres 

5 

ise  =  1000  pai, 

659 

min, 

51.9 

1.  58 

64, 000 

130,000 

.  358 

,427 

Perpendiculai 
to  loading 

3 

728 

42.  9 

1.24  1 

10,000 

165,000 

.474 

.460 

Oblique  to 
loading 

4 

429 

43.8 

1. 27 

75,000 

115,000 

.400 

.403 

*  Samples  11  and  15  were  discarded. 

**  Low  Stress  Range  considered  to  be  lowe  r  half  of  total  stress  range. 
***  High  Stress  Range  considered  to  be  upper  half  of  total  stress  range. 
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Figure  50.  Comp  re  naive  strength  vs.  volume  of  ice /volume  of  soil. 
From  compression  test  data. 
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CHAPTER  III,  ANALYSIS  OF  BLAST  TESTS 
Section  I.  Mechanics  of  Crater  Formation  in  Frozen  Keweenaw  Silt 

1.  Introduction  _ 

As  a  result  of  the  over-all  analysis  of  blasts  in  frozen  Keweenaw  silt,  a  theory  of 
c  *•  u_a  m-arliiallv  evolved  This  theory  is  essentially  a  continuation  of 
Levine s^ton^o^e  rvation^'c^the  ^e^anios  of  rock  Lilure  for  crater  blasts  in  various 
types^of  rocks  and  for  craters  produced  by  impact  and  penetration  of  bombs  into  roc 
It  seems  desirable  to  present  the  theory  here,  to  provide  a  basis  for  interpreting  the 

results  of  the  blast  tests. 

Frozen  ground  may  be  considered  to  be  a  rock  type.  The  eesent dal  di £fer®^e9 
between  frozen  Keweenaw  silt  and  rocks  such  as  granite  or  ir< ,  ( 1  the 

predominantly  plastic  behavior  of  the  frozen  ground  and  (2)  the  ufl«a«  of  the  froze 
ground  interface  and  of  the  underlying  unfrozen  soil  upon  the  shape  and  size  of  crate 

produced  by  blasting. 

Crater  formation  may  be  divided  into  three  phases:  (1)  shock  phenomena;  (2) 
expansTon^  of  gases  produced  by  the  explosion;  (3)  rupture  of  the  surface  and  conversion 
ofPthe  remaining  energy  of  the  explosion  to  forms  unrelated  to  the  volume  of  excavation. 

2,  Shock  phenomena 

Shock  phenomena  are  related  to  the  impact  produced  by  detonation  of  an  explosive. 
The  velocity  of  detonation  of  commercial  explosives  is  known  to  increase  with  the 
degree  of  confinement  and  to  vary  with  the  composition  of  the  explosive.  Confined 
and  unconfined  velocities  of  explosives  used  in  the  Keweenaw  Tests  are  summan  e 

below: 


Atlas  80  Percent  Straight  Gelatin 
Atlas  60  Percent  Straight  Gelatin 
Gelodyn  1 
Coalite  7S 


Velocity 

(ft/sec) 


Confined 

Open 

21,000 

20,000 

20,000 

16,000 

14,000 

10, 000 

10, 000 

8,000 

The  reflection  of  shock  waves  at  an  interface  or  free  surface  is  sometimes  thought 
to  explain  the  rhythmic  spacing  of  the  cracks  described  as  ”0"  (onion)  cracks.  The 
cracking  is  thought  to  precede  ground  movement  and  to  be  related  to  the  seismic 
velocity  rather  than  to  the  velocity  of  detonation. 

Possibly  the  shock  phenomena  may  be  of  greater  consequence  in  elastic  than  m 
plastic  materials,  but  there  is  little  evidence  (as  will  be  shown)  to  indicate  that  the 
shock  phenomena  are  of  great  importance  in  frozen  Keweenaw  silt,  which  behaves 
plastically.  It  is  difficult  to  explain  the  "I"  (inward)  cracks  and  »R"  (radial  cracks 
(which  are  at  right  angles  to  and  invariably  accompany  the  "O"  cracks)  as  shock 
phenomena. 

If  the  shock  phenomena  are  related  to  the  seismic  velocity,  which  is  ft  property  of 
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rial,  rather  than  to  the  velocity  of  the  explosive,  then  the  type  of  explosive  is 


cults  of  the  Keweenaw  Testa  establish  a  definite  relation  between  performance 
position  of  the  various  explosives  tested.  It  must  follow,  therefore,  either 
shock  phenomena  are  of  little  consequence  in  determining  the  size  or  shape  oi 

a  . . .  in  frozen  Keweenaw  silt  or  (2)  that  the  shock  phenomena  are  related  to  the 

velocity  of  the . .  The  first  explanation  is  adopted  here  rather  than  the  second. 
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The  first  phase  of  crater  formation  therefore  is  considered  to  be  relatively 
unimportant  in  blasts  in  frozen  Keweenaw  silt. 

3.  Expansion  of  the  gas  bubble 

Upon  detonation,  the  explosive  confined  within  a  borehole  in  frozen  Keweenaw  silt 
is  converted  to  gas  at  high  temperature  and  high  pressure.  After  field  study,  the 
conclusion  that  the  gas-filled  borehole  expands  by  plastic  flow  of  the  frozen  Keweenaw 
silt  is  inescapable.  The  walls  of  the  cavity  are  smooth.  Inspection  shows  that  the 
heat  of  the  explosion  does  not  enlarge  the  cavity  by  melting.  It  is  evident  also  that  the 
cavity  is  not  enlarged  by  crushing.  The  gas -filled  cavity  is  henceforth  referred  to  as 
the  "gas  bubble.  " 

It  is  evident  that  expansion  of  the  gas  bubble  is  not  uniform  in  all  directions  and 
that  the  gas  bubble  is  not  spherical.  Apparently  the  shape  of  the  cavity  depends  both 
upon  the  shape  of  the  original  column  of  explosive  and  upon  the  resistance  of  the  frozen 
ground  to  deformation.  Under  the  conditions  of  the  Keweenaw  Tests,  the  gas  bubble 
probably  is  pear-shaped.  The  stem  might  be  erect  or  inverted  depending  upon  (1)  the 
interface  ratio,  (2)  the  depth  ratio,  and  (3)  the  weight  and  type  of  explosive. 

Expansion  of  the  gas  bubble  might  be  likened  to  the  blowing  up  of  a  toy  balloon.  It 
ruptures  prematurely  if  blown  up  too  quickly;  it  bulges  into  odd  shapes  where  the 
membrane  is  weak.  A  delicate  balance  exists  between  the  energy  of  the  explosion, 
the  direction  of  displacement  of  the  frozen  ground,  and  the  size  of  the  gas  bubble  before 
rupture.  The  frozen  ground  is  displaced  outward  as  the  gas  bubble  expands. 

Downward  expansion  of  the  gas  bubble  is  a  result  of  downward  deflection  of  the 
frozen-ground  interface  and  flowage  of  the  unfrozen  soil.  It  is  reasonable  to  assume 
therefore  that  the  moisture  content  and  the  plastic  behavior  of  the  unfrozen  ground 
influence  the  shape  of  the  gas  bubble  and  in  turn  the  shape  of  the  surface  crater.  If 
downward  expansion  proceeds  far  enough,  the  frozen-ground  interface  is  ruptured  into 
a  series  of  pie-shaped  fragments  which  radiate  outward  from  the  point  of  maximum 
deflection.  (See  Fig.  51.) 

Failure  planes  produced  below  the  explosive  charge  by  downward  deflection  of  the 
frozen  ground  interface  are,  of  course,  difficult  to  observe  except  from  within  the 
surface  crater.  All  available  evidence  indicates  that  the  planes  of  failure  below  the 
charge  differ  from  the  surface  planes  of  failure  only  in  that  the  subsurface  crater  is 
much  smaller  and  is  inverted. 

Apparently  rupture  occurs  in  various  stages  of  severity.  In  the  most  severe  cases, 
ruptured  fragments  of  frozen  ground  are  shot  downward  into  the  unfrozen  ground,  where 
they  travel  as  a  free  body  such  as  a  bullet  or  a  bomb. 

In  many  craters  formed  from  charges  within  the  frozen  layer,  there  is  a  horizontal 
crack  which  appears  to  be  a  neutral  plane  or  a  dividing  plane  between  frozen  ground 
displaced  downward  and  that  displaced  upward.  The  width  of  the  crack  decreases 
outward.  It  may  be  a  6-in.  wedge-shaped  opening  (as  in  Fig.  51)  or  a  much  smaller 
opening,  depending  upon  the  interface  ratio,  the  depth  ratio,  and  the  weight  of  the  charge. 

Expansion  of  the  gas  bubble  (either  downward,  upward,  or  laterally)  results  in 
surface  displacement  or  bulging.  The  surface  bulge  characteristic  of  craters  in  rocks 
and  in  soils  is  even  more  fully  developed  and  preserved  in  frozen  ground  because  of  its 
plastic  behavior. 

The  surface  crater  in  frozen  ground  is  produced  by  displacement  by  the  gas  bubble 
and  exhibits  all  the  features  observed  in  rock  craters  except  rock-burst  phenomena 
associated  with  the  release  of  strain  energy.  This  exception  is  part  of  the  evidence 
for  classifying  failure  of  frozen  grftund  as  plastic  rather  than  elastic.  The  attitude  of 
the  planes  of  failure  in  surface  craters  in  frozen  ground  is  identical  with  that  of  planes 
of  failure  in  rock  craters. 

The  planes  of  failure  are  parallel  to  the  three  directions  of  principal  stress.  The 
terms  "I"  (Inward)  cracks,  "O"  (Onion)  cracks,  and  "R"  (Radial)  cracks  are  used 
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Figure  51.  Rupture  of  the  frozen-ground 
interface  due  to  downward  expansion  of 
the  gas  bubble. 


Figure  52.  Radial  (R)  cracks  in  Keweenaw 
frozen  silt  associated  with  near- 
critical-depth  blast. 


Figure  53.  Gas-bubble  cavern  below  the 
frozen  layer  before  removing  the  debris  that 
has  fallen  back  from  the  blast. 


Figure  54.  After  removal  of  debris. 
Concentric  layers  of  "O"  cracks  (onion) 
associated  with  the  surface  bulge. 


to  differentiate  among  the  three.  Figure  52  shows  "R"  cracks  associated  with  near- 
critical-depth  blasts.  Figure  54  shows  all  three  sets  of  cracks.  The  upper  layers  of 
the  "Onion"  have  been  peeled  off  during  mucking.  The  "I"  cracks  are  at  right  angles 
to  the  "R"  cracks  and  give  a  circular  outline  to  the  crater  in  plan  view. 

The  gas  bubble,  of  course,  cannot  expand  downward  to  rupture  the  frozen  ground 
interface  if  the  charge  is  placed  in  the  unfrozen-layer.  Under  such  conditions  the  gas 
bubble  enlarges  to  form  a  cavern  underneath  the  frozen  layer,  as  is  evident  in  Figures 
53  and  54.  Figure  53  shows  the  gas -bubble  cavern  partly  filled  by  debris  that  has 
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Figure  55.  Surface  break-through  of  the 
gas  bubble  at  a  weight  slightly  in  excess 
of  the  critical  weight. 


Figure  56.  Surface  break-through  of  the 
gas  bubble  at  weight  slightly  in  excess  of 
the  optimum  weight. 


fallen  back  fr.om  the  blast.  Figure  54  shows  the  cavern  after  removal  of  the  debris. 

Inspection  of  the  walls  of  the  gas-bubble  cavern  produced  by  blasts  below  the  frozen 
layer  proves  that  the  unfrozen  material  has  been  thrust  laterally  aside  by  plastic  flow. 
Contortions  of  the  original  horizontal  stratification  in  the  unfrozen  silt  may  be  plucked 
from  the  soot-blackened  walls.  The  soot  is  formed  of  solid  particles  (smoke) 
associated  with  gas  in  the  explosion  cavity. 

4 .  Rupture  of  surface  and  conversion  of  pressure  head  to  velocity  head 

Expansion  of  the  gas  bubble  is  a  function  of  the  weight  and  type  of  explosive  and  is 
related  to  the  number  of  moles  of  gaseous  product  generated  by  the  explosion.  The 
relation  between  composition  and  performance  of  commercial  explosives  and 
characteristics  of  explosives  used  in  the  Keweenaw  Tests  has  been  discussed  in  Chapterl. 
From  analysis  of  the  Keweenaw  Tests,  and  consistent  with  the  classification  chart 
(Table  I),  it  seems  that  two  more  sets  of  arrows  in  the  same  direction  as  those  shown 
might  be  added  to  the  remarks  column  and  labeled  "Explosion  Pressure  Decreases"  and 
"Energy  of  the  Explosion  Dec'eases."  Such  a  classification  is  here  considered  to  be  of 
greater  value  in  forecasting  the  performance  of  explosives  than  tests  made  using  the 
ballistic  mortar  and  ballistic  pendulum  to  obtain  weight  strength,  cartridge  strength, 
execution  value,  or  absolute  weight  strength.  A  problem  arises  because  of  the  many 
different  grades  of  each  type  of  commercial  explosive  manufactured;  but  the  problem  can 
be  overcome  mathematically. 

The  rate  of  expansion  of  the  gas  bubble  in  frozen  Keweenaw  silt  is  here  considered 
to  be  a  function  of  energy.  An  increase  in  energy  is  thought  to  be  accompanied  by  a 
corresponding  increase  in  velocity  and  in  explosion  pressure.  All  three  changes  are 
here  considered  to  be  interdependent  and  to  be  a  function  of  the  composition  and  of  the 
combustion  reaction. 

At  the  critical  depth,  the  energy-absorption  capacity  of  the  medium  equals  the 
energy  of  the  explosion.  An  increase  in  weight  of  explosive  ruptures  the  surface  and 
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produces  a  crater.  At  the  optimum  weight,  utilization  of  energy  to  produce  a  crater  is 
maximum.  The  depth  corresponding  to  the  optimum  weight  is  defined  as  the  optimum 
depth.  Optimum  depths  vary  for  each  type  of  explosive. 

As  the  weight  of  explosive  (and  energy)  is  increased  above  the  optimum  weight, 
the  energy  utilization  of  the  explosive  decreases.  The  decrease  is  here  considered 
to  be  a  result  of  break-through  of  the  gas  bubble  to  the  surface  and  of  conversion  of 
pressure  head  to  velocity  head. 

Figure  55  is  a  photograph  of  break-through  of  the  gas  bubble  at  a  weight  slightly 
in  excess  of  the  critical  weight.  Such  a  blast  produces  a  minimum  of  noise  and  flyrock. 
Under  such  conditions  the  gas  bubble  expands  to  its  greatest  possible  limits  before 
break-through,  A  portion  of  the  roof  of  the  cavity  remains  in  place  to  form  an  igloo- 
type  foxhole,  {See  Blast  Test  B.  ) 

Figure  56  shows  break-through  at  slightly  in  excess  of  the  optimum  weight.  Such 
conditions  result  in  a  maximum  volume  of  excavation  in  frozen  Keweenaw  silt  per  unit 
weight  of  explosive.  Large  pie -shaped  chunks  of  frozen  ground  are  thrown  into  the 
air,  but  most  of  the  chunks  fall  back  into  the  crater.  The  amount  of  flyrock,  the 
noise,  and  the  height  to  which  the  flyrock  rises  are  greater  than  at  the  near- critical- 
weight  condition,  but  still  relatively  small.  The  conversion  of  energy  within  the  gas 
bubble  from  pressure  head  to  velocity  head  is  very  slight,  but  it  is  apparent  that  the 
conversion  has  started. 

As  the  weight  of  explosive  is  increased  beyond  the  optimum  weight,  the  proportion 
of  the  energy  of  the  explosion  that  is  converted  to  velocity  head  increases.  The  result 
is  a  decrease  in  volume  of  excavation  per  unit  weight  of  explosive,  i.  e,  ,  a  decrease 
in  blasting  efficiency.  As  the  efficiency  is  lowered,  the  noise  accompanying  the  blast 
increases,  fragmentation  increases,  flyrock  travel-height  and  flyrock  travel-distance 
both  increase. 

Eventually  a  point  is  reached  where  the  efficiency  is  so  poor  that  the  type  of 
explosive  used  makes  little  difference  in  the  cratering  produced. 

It  seems  reasonable  to  assume  that  the  principles  set  forth  in  preceding 
paragraphs  are  applicable  not  only  to  blasting  in  frozen  Keweenaw  silt  but  also  to 
blasts  in  other  materials  as  well.  Moreover,  there  is  no  reason  to  assume  that  the 
principles  are  not  applicable  to  military  explosives  as  well  as  to  commercial  explosives. 

Section  IL  Blast:  Test  A  —  Relationships  of  Explosive, . .Radius 

of  Crater,  Volume  of  Crater,,  anti' Depth,  of  Crater  , 

1 .  Introduction 

The  purpose  of  Blast  Test  A  was  to  compare  crater  radii  and.  crater  volumes 
and  determine  the  critical  weight  of  each  of  four  types  of  commercial  explosives  for 
blasts  at  various  depths  in  frozen  Keweenaw  silt:  at  the  same  interface  ratio. 

At  the  time  blasting  was  begun  in  the  Keweenaw  Tests,  the  depth  of  blast  holes 
was  10  in.  and  the  thickness  of  frozen  ground  within  the  proposed  test  plot  ranged  from 
1.6  to  18 '/*  in.  As  test  work  proceeded,  the  thickness  of  frozen  ground  increased 
slightly,  but  not  sufficiently  to  permit  tests  of  blast  holes  deeper  than  ,1,2  in. 

Blast  Test  A  is  a  composite  of  Experiment  1  at  10  in,  depth  of  hole  (scale  0.  55) 
and  Experiments  2  and  8  at  12  in.  depth  of  hole  (scale  0.67).  The  scale  of  blasts  is 
referred  to  a  prototype  blast:  hole  18  in,  deep  and  2§  in.  in  diameter,  The  relation 
between  hole  depth  and,  hole  diameter  for  blasts  at  various  scales  during  the  entire 
period  of  field  work  is  as  follows: 


explosive*  pounds 
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Length-Scale 

Hole  Depth 

Hole  Diameter 

Ratio 

(in.) 

( in.  ) 

0.  55 

10 

l1/. 

0.  67 

12 

ls/e 

0.  83 

15 

2 

1.  00 

18 

llh 

1.  17 

21 

2»/U 

1.  33 

24 

3*/« 

2.00 

36 

5 

2.  50 

45 

6l/« 

3,00 

54 

7*/, 

3,50 

63 

8»/4 

Because  of  shallow  freezing, it  was  impossible  to  maintain  sc 

:ale  relations  and 

a  constant  interface  ratio  for  blast:  holes  deeper  than 
included  in  Blast  Test  A  are  as  follows: 

12  in.  The 

interface  ratios 

Experiment  Hole  Depth 

Interface  Ratio 

Number  of 

Blast -Hole 

Number  (in.) 

Range 

Blasts 

N  urn  be  r  s 

1  10 

0.  44  -  0.  53 

28 

1-8,  10-31 

2  12 

0.46  -  0.  69 

73 

38-51,  54-112 

8  12 

0. 51  -  0. 59 

24 

186  -  209 
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In  planning  the  tests  it  was  concluded  (see  Ch.  II,  section  1)  that,  if  an  interface 
ratio  of  0,  5  or  less  could  be  maintained,  a  reasonable  correlation  might  be  possible 
between  critical-depth  blasts  in  frozen  ground  and  critical-depth  blasts  in  other  media 
such  as  rock  or  soil. 

Ground  temperature  was  recorded  at  two  gage  positions  (Cages  1-1  and  1-2)  during 
the  field  work.  Temperatures  at  6  in.  below  surface  and  at  12  in,  below  surface  are 
recorded  in  Figure  6  (Ch,  II) .  The  inference  is  that  the  ground  temperature  at;  a.  given 
blast  hole  is  the  same  as  that  at  the  gage  position.  This  is  perhaps  not  true  since  the 
ground  temperatures  at  1-1  and  1-2  differ, 

2,  Description 


Blast  Test  A  is  a  composite  of  three  experiments  conducted  at  different  times.  In 
Experiment  !,  all  blast  holes  we  re  10  in.  deep  and  l1/*  in,  in  diameter.  Atlas  80 
Percent  Straight  Gelatin,  Atlas  60  Percent  Straight  Gelatin,  Gelodyn  1,  and  Coalite  7S 
were  used.  Blasts  were  fired  with  each  type  of  explosive,  successively  decreasing  the 
weight  of  explosive  uniformly  to  determine  approximately  the  critical  weight. 

In  Experiment  2,  because  of  the  greater  thickness  of  frozen  ground,  all  blast  holes 
were  12  in,  deep.  It  had  been  observed  in  Experiment  1  that  the  critical  weight  of 

Gelodyn  l  was  less  than  that  of  Coalite  7S  and  that  the  critical  eight  of  Atlas’ 60 

Percent  Straight  Gelatin  was  less  than  that  of  Gelodyn  1.  The  three  types  of  explosives 
are  of  different  densities  and  require  different  volumes  of  borehole  per  unit  of  weight. 
As  a  principal  objective  of  Blast  Test  A  was  to  compare  critical  weights,  it  was 
essential  that  the  depth  of  center  of  gravity  of  charge  be  the  same  for  all  three  types  of 

exploaiu .  To  vary  the  depth  of  hole  for  each  type  of  explosive  and  maintain  a  constant 

depth  of  center  of  gravity  would  have  required  a  constant  weight  of  explosive,  and  the 
weight-depth  relations  were  unknown.  It  therefore  seemed  desirable  to  select  a 
prototype  explosive:  maintain  geometric  similarity  for  the  prototype  explosive, 
maintain  a  constant  depth  of  hole  for  all  types  of  explosive,  but  vary  the  hole  diameter 
so  as  to  maintain  a  constant  depth  of  center  of  gravity.  Accordingly,  in  Experiment  2, 
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Straight  Gelatin;  holes  l1/*  in,  in  diameter  were  used  for  blasts  of  Gelodyn 
iVs  in.  in  diamet . .  were  used  for  blasts  of  Coalite  75, 


iecp  and  1  >/4  in.  in  diameter  were  used  for  blasts  of  Atlas 
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The  critical  weight  of  Atlas  80  Percent  Straight  Gelatin  at  scale  0.  67  was  found  to 
be  very  nearly  the  same  as  that  of  Atlas  60  Percent  Straight  Gelatin.  Accordingly, 
holes  of  the  same  diameter  were  used  for  blasts  of  the  two  explosives. 

For  each  type  of  explosive.charge  weight  was  reduced  uniformly  to  "straddle"  the 
critical  weight.  In  each  experiment,  16  blasts  were  fired  with  each  of  the  4  types  of 
explosives,  starting  with  the  weight  determined  by  "straddling"  in  order  to  "pinpoint" 
the  critical  weight.  The  procedure  was  continued  until  the  variation  in  weight  used  to 
"pinpoint"  did  not  exceed  the  deviation  or  dispersion  due  to  characteristics  of  the 
medium. 

Crater  data  for  Blast  Test  A  are  tabulated  on  the  data  sheets  for  Experiments  1,  2, 
and  8.  (See  Appendix,  Fig.  A-l  -A-5,  and  A- 11.) 

3.  Results  and  analysis 


3.  Results  and  analysis 

The  relation  between  radius  of  crater  and  weight  of  charge  is  plotted  in  Figure  57 
for  each  of  three  types  of  explosives.  Numbers  adjacent  to  points  in  the  figure  are 
blast-hole  numbers.  The  "curves"  have  been  constructed  for  each  explosive  by  drawing 
straight  lines  between  points.  Blasts  also  were  made  (as  shown  in  Figure  57)  with 
Atlas  80  Percent  Straight  Gelatin  to  determine  the  critical  weight,  but  were  not 
extended  to  obtain  crater  dimensions.  At  the  critical  weight,  the  radius  of  crater  drops 
abruptly  to  zero. 

Because  of  the  small  quantity  of  explosive  involved  and  because  of  the  shallow  depth 
of  freezing,  it  was  impossible  to  determine  any  difference  in  the  critical  weights  of 
Atlas  60  and  Atlas  80.  At  larger  length- scale  ratios,  the  critical  weight  of  Atlas  80 
was  found  to  be  slightly  less  than  Atlas  60. 

A  characteristic  feature  of  blasts  in  frozen  ground  is  that  a  slight  increase  above 
the  critical  weight  produces  a  crater  to  the  full  depth  of  the  explosive  charge.  The 
term  optimum  weight  (see  Terminplogv)  was  coined  to  designate  the  full-crater 
c ondition  abruptly  produced  at  near-critical  weight.  An  attempt  was  made  to  differ¬ 
entiate  between  optimum  weight  and  critical  weight,  using  very  small  increments  in 
weight  of  explosive  (see  data  sheet,  Experiment  3),  but  the  attempt  was  unsuccessful. 
Interpolation  of  data  from  blasts  at  larger  scales  (Experiments  4,  5,  6,  7,  9,  11,  and 
12)  suggests  that  the  optimum  weight  is  slightly  greater  than  the  critical  weight,  but 
the  difference  is  less  than  the  normal  deviation  due  to  variations  in  physical  properties 
of  the  medium.  Over-all  analysis  of  the  blast  tests  also  shows  that  dispersion 
increases  as  the  weight  of  charge  approaches  the  critical  weight,  which  bears  upon  the 
inability  to  differentiate  between  critical  weight  and  optimum  weight  in  the  field. 

Critical  weight  and  optimum  weight;  are  presented  as  numerically  equal  in 
Figure  57.  The  weights  for  various  explosives  placed  9"- 12"  from  surface  to  center 
of  gravity  are  summarized  below: 


Explosive 

Atlas  80  Percent  Straight  Gelatin 
Atlas  60  Percent  Straight  Gelatin 
Gelodyn  1. 

Coalite  7S 


Optimum  Weight 
Critical  Weight 
(lb. ) 

0.08 
0.  08 
0.  105 
0.  18 


For  all  three  types  of  explosives,  an  increase  in.  weight;  beyond  the  optimum  weight 
does  not  cause  a  corresponding  increase  in  radius  of  crater.  The  ratio  of  radius  to 
depth  (the  r/d  ratio)  is  less  than  for  craters  in  rocks.  In  Blast  Test  A  the  ratio  ranged 
from  1,  36  to  1,  69  for  Atlas  60,  from  1,  30  to  1, 89  for  Gelodyn  1,  and  from  1,  35  to  l.  79 
for  Coalite  7S. 

Except  in  the  region  of  these  particular  weights,  the  radius  of  crater  at  any  given 
weight  is  greater  for  Atlas  60  than  for  Gelodyn,  and  greater  for  Gelodyn  than  for  Coalite 
7S. 
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Figure  58  shows  volume  of  crater  vs  weight  of  charge.  All  three  curves  have  the 
same  general  shape.  All  three  rise  to  a  peak  volume  at  some  intermediate  weight  and 
then  decline  to  a  volume  not  greatly  in  excess  of  the  volume  at  optimum  weight.  The 
weight  at  the  peak  volume  is  designated  maximum  effective  weight  (see  Terminology). 
The  phenomenon  of  maximum  effective  weight  has  not  been  observed  previously  in 
connection  with  blasts  in  rocks  or  soils.  This  does  not  prove  that  it  does  not  exist 
in  rocks  and  soils,  but  it  is  possible  that  maximum  effective  weight  (1)  may  occur 
only  in  plastic-acting  rocks  or  (2)  may  occur  only  in  blasts  where  the  energy  of  the 
explosion  is  greatly  in  excess  of  the  energy-absorption  capacity  of  the  medium. 

(See  also  Chapter  II,  Section  IV,  Introduction).  If  the  volume  of  a  crater  increases 
measurably  as  blasts  progress  from  optimum  weight  to  maximum  effective  weight 
but  the  radius  of  crater  remains  constant  or  increases  only  slightly,  the  shape  of  crater 
must  change  so  as  to  increase  the  volume  without  appreciably  changing  the  radius. 


Four  measures  of  crater  shape  are  available:  the  similitude  ratio,  the  r/d  ratio, 
the  ratio  of  depth  of  crater  to  depth  of  blast  hole,  and  the  ratio  of  the  slab  volume  to 
the  crater  volume.  (See  Terminology.)  Inspection  of  the  data  sheets  Figs.  A-1--A-5 
and  A-l  1  reveals: 


a)  The  similitude  ratio  is  negative  (depth  of  crater  greater  than  depth  of  center  of 
gravity  of  charge)  for  all  blasts  in  frozen  Keweenaw  silt  heavier  than  the  optimum 
weight.  The  similitude  ratio  approaches  a  maximum  numerical  value  near,  but  not 
necessarily  at,  the  precise  blast  that  represents  maximum  volume.  The  similitude 
ratio  is  not  a#  effective  for  describing  craters  in  frozen  ground  as  for  rocks,  because 
of  the  lack  of  spread  between  critical  weight  and  optimum  weight. 

b)  The  r/d  ratio  of  a  crater  is  not  an  effective  measure  of  shape,  because  the 
depth  of  the  crater  differs  markedly  from  the  depth  of  center  of  gravity  of  the  charge 
owing  to  expansion  of  the  gas  bubble. 

c)  The  ratio  of  depth  of  crater  to  depth  of  blast  hole  is  maximum  at  the  maximum 
effective  weight.  With  Gelodyn  1,  the  depth  of  crater  may  be  as  much  as  2.  5  times  the 
depth  of  the  center  of  gravity  of  the  charge.  At  this  value,  the  depth  of  crater  is 
greater  in  Blast  Test  A  than  the  depth  of  frozen  ground;  this  indicates  either  punching 
downward  or  rupture  of  the  frozen-ground  interface. 

d)  The  ratio  of  chamber  volume  to  crater  volume  is  maximum  at  maximum  effective 
weight. 

Figure  59  shows  the  relation  between  depth  of  crater  and  weight  of  charge.  An 
increase  in  weight  of  charge  in  the  range  between  optimum  weight  and  maximum 
effective  weight  is  accompanied  by  an  increase  in  depth  of  crater.  The  similarity  ^ 
between  the  depth- weight,  curves  (Fig.  59)  and  the  volume-weight  curves  (Fig.  58)  is 
apparent.  We  may  conclude,  therefore,  that,  within  the  range  of  interface  ratios 
from  0.44  to  0.  59,  as  the  weight  of  explosive  charge  is  increased  at  constant  depth  of 
blast  hole,  the  volume  of  a  crater  in  frozen  Keweenaw  silt  is  increased  by  a  change  in 
shape  caused  by  downward  expansion  of  the  gas  bubble  towards  the  frozen-ground 
interface  (see  also  Blast  Test.B). 


4.  Summary  of  observations 

From  Blast  Test  A  the  following  characteristics  of  crater  blasts  in  frozen  Keweenaw 
silt  were  observed: 


1)  A  slight  increase  in  weight  of  explosive  above  the  critical  weight  causes  a  crater 
to  a  depth  greater  than  the  depth  of  center  of  gravity  of  the  explosive  charge.  The  term 
optimum  weight  is  applied  to  the  minimum  weight  at  which  a  crater  is  produced. 

2)  Within  the  range  of  interface  ratios  from  0,44  to  0.  59,  an  increase  in  weight 
of  explosive  charge  beyond  the  optimum  weight  is  not  accompanied  by  a  corresponding 
increase  in  radius  of  crater,  but  is  accompanied  by  an  increase  in  depth  and  volume  of 
th«  crater  to  a  weight  here  referred  to  as  the  "maximum  effective  weight. "  It  is 
possible  that  the  maximum  effective  weight  is  related  in  some  manner  to  the  interface 

ratio. 
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j)  In  the  Keweenaw  lests,  blasts  above  the  maximum  effective  weight  were 
considerably  fewer  than  blasts  below  the  maximum  effective  weight.  However  all 
available  evidence  for  all  types  of  explosives  tested  indicates  that  an  increase  in  weight 
above  maximum  effective  weight,  at  constant  depth  of  hole,  causes  both  depth  and 
volume  to  decrease  approaching  the  depth  and  the  volume  at  the  optimum  weight. 

A  possible  explanation  of  the  phenomenon  of  "maximum  effective  weight"  is  that  the 
gas  bubble  ruptures  in  its  downward  expansion  and  that  the  rupture  is  accompanied  by 

theCfr^^en  soiffeCt  fragmentS  of  frozen  ground  are  "shot"  downward  into 

Blast  Test  B  Energy  Utilization  in  Blasting 

1.  Introduction 

.  'J‘;'r*‘aPs  one  .°*  tbe  greatest  difficulties  in  explosion  research  is  to  establish  a 
basis  tor  comparing  blasts  in  various  materials  with  various  explosives  at  various 
length-scale  ratios.  The  difficulty  arises  because  it  is  usually  assumed  that  the  same 

IrnXim Tr,?,y  u  tHe  tW°  blaStS  Under  comPanson  «  expended  upon  the 
medium.  Actually,  the  field  observer  can  be  positive  that  the  same  proportion  of  the 

total  energy  is  expended  upon  the  medium  only  at  the  critical  weight,  when  all  the 

energy  of  the  explosive  is  expended  upon  the  medium.  The  weight  of  explosive  at 

(  iitical  depth  (critical  weight)  is  a  measure  of  the  energy-adsorption  capacity  of  the 

.t  ini  e  a  i  n  rn , 

As  the  weight  of  explosive  is  increased  beyond  the  critical  weight,  a  crater  is 

“X  ,’n?ndegrw  °f  fTagmentatlon  of  the  broken  material  increases,  flyrock  travel- 
flyrock  travel-distance  increase,  and  the  noiso  accompanying  the  blast 
nerta.  es.  tor  an  accurate  comparison  of  blast  effects  at  weights  other  than  the 
..utical  weight,  principles  ot  similitude  must  be  utilized.  At  different  length-scale 
at.os  the  same  proportion  of  the  total  energy  of  the  explosion  must  be  utilized  by 

"  °r  mu8t  be  los‘  t,°,|the  atmosphere  in  blasts  that  are  comparable  and  V 

accurately  express  the  model  law. 

One  of  two  procedures  usually  is  used  in  field  testing:  either  (1)  the  chars*  weight 
is  vai led  at  constant  depth  of  center  of  gravity  or  (2)  the  charge  depth  is  varied  -it  ** 
constant  weight,  in  either  event  the  model  relations  are  disturbed  if  the  weight  of 
charge  is  sufficient  to  exceed  greatly  the  energy-absorption  capacity  of  the  medium 
i  Pf  «duce  a  surface  crater.  It  is  impossible  by  observing  the  crater  or  the 
■tgree  of  fragmentation  of  the  broken  material  to  determine  visually  what  proportion 
ot  the  total  energy  of  the  explosion  has  been  utilized  by  the  medium  Proportion 

An  objective  of  Blast  Test  B  was  to  determine  if  possible  what  changes  occur  in 

crater^  radius,  or  . . lume  of  crater,  at  constant  explosion  energy  but  at  various  depths 

; ;i.i  proportion  to  the  critical  depth  (at  various  depth  ratios).  Presumably  some 
relation  exists  between  energy  utilization  and  depth  ratio. 

Energy  utilization  might  be  expressed  as  a  function  of  either  the  volume  or  of 

i, Mint  of  ma  fi  rial  h T  Air Pti  rush  '!*  nmiM/l  _ _ _ I . - _  t  an 
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2.  Description 

Blast  Test  B  was  conducted  in  much  the  same  manner  as  an  "effect-of-depth- 
experiment,  »  but  was  preceded  by  field  tests  to  determine  the  critical  weight  of 
explosive  for  1.0-scale  blasts  using  all  four  types  of  explosives  chosen  for  the 
Keweenaw  Tests.  Thus,  the  maximum  energy-absorption  capacity  of  the  medium  for 
each  type  of  explosive  and  the  relation  between  weight  and  depth  of  charge  for  maximum 
energy  utilization  were  determined  in  advance  by  a  series  of  critical-depth  blasts  at 
scale  1.0, 

Data  sheets  for  the  critical-depth  blasts  which  preceded  Blast  Test  B  are 
summarized  in  Figures  A-12  and  A-14,  Fifty-five  blasts  (Blast  holes  210  -264)  were 
required  to  "pinpoint"  the  critical  weights  of  the  four  types  of  explosives  used. 
Following  results  are  based  upon  field  observation  of  blasts  summarized  in  the  data 
sheets. 


Explosive 

Atlas  80  Percent  Straight  Gelatin 
Atlas  60  Percent  Straight  Gelatin 
Gelodyn  1 
Coalite  7S 


Hole 

Hole 

Depth  of 
Center  of 

Critical 

Depth 
( in. ) 

Diameter 

Gravity 

Weight 

(lb) 

(in. ) 

( in. ) 

18 

2l/z 

171/4 

0.  20 

18 

2»/4 

17 

0.22 

18 

23/< 

nlU 

0.  38 

18 

3  »/4 

17*/4 

0.  66 

Hole  diameters  were  calculated  using  critical,  weights  of  explosive  for  holes  12  in, 
deep  so  as  to  result  in  an  explosive  charge  of  height  equal  to  diameter.  It  was  not 
expected  that  the  critical  weight  of  Atlas  80  for  holes  18  in.  deep  would  be  less  than 
that  of  Atlas  60,  but  it  was.  Accordingly,  the  height  of  charge  for  Atlas  80  was  less 
than  the  hole  dtameter.  (See  also  Blast  Test  E  -  Effect  of  Charge  Shape,  and  Blast 
Test  C  —  The  Frozen- Ground  Interface.  } 

The  procedure  followed  in  Blast  Test  B  was  to  fire  triplicate  blasts  with  each 
explosive,  starting  with  holes  18  in,  deep  and  successively  reducing  the  depth  of  hole 
in  3 "in.  decrements  to  a  minimum  depth  of  6  in.  The  weight  of  explosive  was  held 
constant  and  equal  to  the  critical  weights  of  each  type  of  explosive  for  holes  18  in’’ deep. 

The  test  was  conducted  as  rapidly  as  possible,  but  it  was  found  that  the  depth  of 
f  rozen  ground  varied  from  hole  to  hole.  It  was  impossible  to  maintain  a.  constant 
depth  of  frozen  ground.  Moreover,  the  nature  of  the  test  is  such  that  the  interface  ratio 
varies,  depending  upon  the  hole  depth.  The  depth  of  frozen  ground  ranged  from  10  to 
cl  m.  The  interface  ratio  ranged  from  0,26  to  1.81. 

dj; _ Results  and  analysis 

rhe  energy-utilization  portion  of  Blast  Test  B  comprises  Experiments  11  and  12 
which  are  summarized  on  the  data  sheets  (Figs.  A- 13,  A- 15,  A- 16.  ) 

Hgure  60  shows  the  relations  between  radius  of  crater  and  depth  of  center  of 

J0-2_°‘1't.?laBt’.o£  Ai;as  ?°  <*>>£  taW.. 


The  critical  depth  is  1.42  ft.  Blasts  232,  233,  and  234 


ranging  from  18  to  6  in. deep 
are  critical -weight  blasts. 

I  he  difference  between  weight  of  explosive  required  to  produce  a  crater  and 

critical  weight  is  so  slight  that  it  cannot  be*  measured.  As  will  be  observed  from  . . 

graph,  the  dispersion  successively  decreases  as  the  depth  of  charg . .  is  decreased.  ’ 

radiu8 ,  produced  by  a  weight  of  Atlas  80  equal  to  the  . . . 

weight  at  1.42 -ft  at  a  depth  somewhere  between  1.  22  and  . .  the  depth 

ul  center  of  gravity  of  the  explosive  is  decreased  from  I.  22  to  0,98  ft constant  ' 

'weight  of  explosive,  the  radius  of  crater  decreases  aim . .  in  direct  proportion  to  the 

change  m  length-scale  ratio.  At  less  than  0.  98  ft  the  radius  remains  nearly  constant 
(or  decreases  less  rapidly).  >  tuumani 


'HlHIHlulllMli  ’I,  II 


. . . . . . . If . 


T'“i!:i:r:!:!i(iiq|i|ii|ijptiiiij(j|:]|;||i 

,,r  *  '! 


S- 

®  -j 


S1 


o  S 

^  Q 


itiititmiitli' 


I' 


ll1"'" 


EXCAVATIONS  IN  FROZEN  GROUND 


<u 

60 

U 

fl) 

jC 

u 


a  » 
0»  v 
V  h 


m  m 

>  (Tj 

U  CQ 
43  W 

■M 

cd  . 

U  C 

lM  Sh, 
0-0 
»  p 

f-t  ^ 

3  <5 

CO 
.  PO 
<M  . 

SO  o 

« 

3 

bo 


llllllllllill  lilllllulllllllllllliililllllllullllilillll1 


PART  I.  EXPLOSION  TESTS  IN  KEWEENAW  SILT 


57 


Shapes  of  craters  produced  by  blasts  245,  241,  238,  and  236  (which  represent 
average  conditions)  are  ahown  in  the  figure.  The  radius  and  depth  of  crater  are 
maximum  at  1. 22 -ft  depth  of  center  of  gravity  and  r/d  ratio  1.26.  The  decrease  from 
1.22-  to  0.98-ft  depth  of  center  of  gravity  shows  no  corresponding  change  in  the  r/d 
ratio  of  the  crater.  At  0.  98  ft  the  r/d  ratio  for  crater  238  is  1.22.  With  a  decrease 
from  0.  98  to  0.  50 -ft  center  of  gravity,  the  radius  remains  nearly  constant,  but  the 
r/d  ratio  increases  from  1. 22  to  2.  34.  As  the  radius  increases,  the  depth  of  crater 
is  increased  so  that  the  shape  change  is  less  apparent  than  the  r/d  ratio  indicates. 

With  depth  of  center  of  gravity  ranging  from  1.42  to  1. 22  ft,  craters  are 
characterized  by  minimum  fragmentation.  The  fragments  are  pie- shaped,  with  "I” 
c racks, "O"  cracks,  and  "R"  cracks  coinciding  with  the  3  directions  of  maximum 
principal  stress.  Flyrock  travel-height  and  flyrock  travel-distance  are  usually  less 
than  50  ft.  Figures  55  and  56  accurately  represent  conditions  associated  with  break¬ 
through  of  the  gas  bubble.  The  noise  accompanying  a  cratering  blast  of  this  type  is 
minimum. 

Fragmentation,  noise,  and  flyrock  travel-height  and  travel-distance  all  increase 
as  the  depth  of  the  charge  is  reduced.  The  horizontal  distance  of  flyrock  travel  may 
be  as  much  as  300  ft  as  the  depth  of  center  of  gravity  of  the  charge  approaches  0.  50  ft. 

Figure  61  shows  the  relation  between  crater  radius  and  depth  of  center  of  gravity 
for  blasts  of  Atlas  60  Percent  Straight  Gelatin,  and  also  the  shapes  of  the  resulting 
craters.  The  form  of  the  curve  is  the  same  as  that  for  Atlas  80  (Fig.  60). 

As  the  depth  of  center  of  gravity  of  explosive  is  reduced  from  1.2  ft  to  0.  9  ft,  the 
radius  decreases  rapidly,  but  the  r/d  ratio  remains  nearly  constant.  The  radius 
decreases  as  the  depth  of  center  of  gravity  is  reduced  progressively  from  0.  9  to  0.  7 
to  0.45  ft,  but  the  r/d  ratio  increases  progressively  to  2.6. 

The  shapes  of  the  Gelodyn  and  Coalite  curves  (Figs.  62,  63)  are  similar,  but 
differ  from  the  Atlas  60  and  Atlas  80  curves.  The  r/d  ratio  increases  progressively 
as  the  depth  of  center  of  gravity  decreases.  Otherwise,  the  relations  are  the  same  as 
for  Atlas  60  and  80. 

The  relations  suggest  that  performance  is  related  to  composition  of  explosive 
(see  Table  I)  and  that  two  explosives  of  similar  composition  exhibit  similar  blasting 
characteristics,  Thus,  we  may  classify  Atlas  80  -  Atlas  60  into  one  series,  and 
Gelodyn  l  -  Coalite  7S  into  a  separate  series. 

The  relations  presented  in  Figs,  60-63  are  summarized  in  Fig.  64  using  points 
midway  between  the  upper  and  lower  limits  of  dispersion.  The  similarity  between  the 
curves  for  Atlas  60  and  Atlas  80,  and  between  the  curves  for  Gelodyn  and  Coalite,  is 
immediately  apparent.  Moreover,  the  weakly  developed  "hump"  in  the  Gelodyn  curve 
upon  approaching  the  critical  weight  is  in  contrast  to  the  continued  rise  of  Coalite  7S 
and  suggests  that  the  behavior  of  Gelodyn  is  intermediate  between  that  of  Coalite  and 
Atlas  80,  ... 


As  the  depth  of  charge  decreases,  all  four  types  of  explosives  tend  to  produce 
nearly  the  same  radius  of  crater.  As  the  depth  increases  and  approaches  the  optimum 
depth,  the  difference  m  radii  approaches  maximum.  The  optimum  depth  appears  to 
differ  slightly  for  each  type  of  explosive.  It  appears  also  that  energy  utilization  for 
producing  a  crater  of  large  radius  is  greatest  at  the  optimum  depth  and  decreases  as 
the  depth  of  charge  decreases. 


I  lie  depth  ratio  provides  a  means  of  comparing  energy  utilization  of  various 
weights  and  types  of  explosives  at  various  depths  of  charge.  The  depth  ratio  is  the 
ratio  between  the  depth  of  charge  and  the  critical  depth.  In  this  blast  test,  the  depth 
was  selected  and  the  critical  weight  determined  by  experiment.  The  depth  ratio  is 
'  h\r  a  charge  buried  at  the  critical  depth.  The  depth  ratio  is  zero  for  a  charge 
placed  so  that  its  center  of  gravity  is  on  the  surface.  The  depth  ratio  would  be  negative 
ior  a  charge  placed  with  its  center  of  gravity  above  the  surface. 
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unit  weight  of  explosive  in  terms  of  radius  of  crater,  The  radius-utilization  factor  may 
be  defined  as  the  crater  radius  divided  by  the  weight  of  explosive.  The  units  used  here 
are  feet  and  pounds.  Therefore,  the  radius-utilization  factor  is  the  number  of  feet  of 
crater  radius  obtainable  with  one  pound  of  explosive. 


Fig,  65  was  derived  from  Fig.  64  by  expressing  depth  of  center  of  gravity  of 
charge  in  terms  of  depth  ratio,  and  dividing  the  radius  of  crater  by  the  weight  of 
explosive  to  obtain  the  radius-utilization  factor.  Radius -utilization  factors,  at  various 
depth  ratios,  are  different  for  each  type  of  explosive.  The  Atlas  60  -  Atlas  80  Series 
of  explosives  (Straight  Gelatins)  are  much  more  effective  than  the  Gelodyn  -  Coalite 
Series  (Semi-gelatin  -  Ammonia-Base  Permissible)  in  terms  of  radius  produced  per 
pound  of  explosive.  Gelodyn  (Semi-gelatin)  is  more  effective  than  Coalite  (Ammonia- 
Base  Permissible).  Atlas  60  (Straight  Gelatin)  is  more  effective  than  Gelodyn  1 
(Semi-gelatin).  Atlas  80  is  more  effective  than  Atlas  60  at  depth  ratios  less  than  0,  62, 
but  less  effective  at  depth  ratios  above  0.  62. 


The  reason  for  the  anomalous  behavior  of  Atlas  80  with  respect  to  Atlas  60  is  not; 
understood  at  this  time.  Possibly,  (1)  some  relation  exists  between  interface  ratio 
and  radius-utilization  factor  or  (2)  the  optimum  rate  of  expansion  of  the  gas  bubble  is 
related  in  some  manner  to  the  physical  properties  of  the  frozen  ground.  Aside  from 
the  above  exception,  the  behavior  of  the  various  explosives  is  consistent  with  the 
Classification  Chart,  (Table  I).  Criteria  such  as  weight  strength,  cartridge  strength, 
execution  value,  and  absolute  weight  strength  appear  unrelated  to  performance  in 
frozen  Keweenaw  silt,  which  behaves  plastically.  Velocity  appears  to  be  an  indication 
of  energy.  Calculations  based  upon  the  combustion  reaction  appear  to  offer  promise 
as  a  basis  upon  which  performance  may  be  predicted. 


Inspection  of  Figure  65  reveals  that  the  radius -utilization  factor  is  maximum  for 
the  Atlas  60  -  Atlas  80  Series  (Straight  Gelatin)  in  the  range  of  depth  ratios  from 
°;86  to  0.  91.  The  peak  is  broader,  but  possibly  at  a  slightly  higher  range  for 
Gelodyn  1.  The  peak  for  Coalite  7S  occurs  at  a  depth  ratio  of  1.0.  It  follows  by 
inference  that  the  relation  between  optimum  weight  and  critical  weight  depends  upon 
the  type  of  explosive.  As  deviation  is  greatest  for  all  types  of  explosives  within  the 
range  under  discussion,  and  because  of  restrictions  imposed  upon  the  Keweenaw  Tests 
by  the  shallow  depth  of  frozen  ground,  it  seems  desirable  to  continue  the  investigation 
at  greater  depths  of  frozen  ground. 


Blast  data  are  analyzed  in  following  paragraphs  with  respect  to  changes  in  volume 
of  crater.  Figure  66  presents  the  relation  between  depth  of  charge  and  volume  of 
c later  for  Atlas  80,  Atlas  60,  Gelodyn  1,  and  Coalite  7S.  The  dispersion  obtained 
using  triplicate  blasts  and  the  increase  in  dispersion  approaching  the  critical  depth 
may  be  observed. 


Interpretation  of  the  trend  of  the  curves  upon  approaching  the  critical  depth  is 
diihcult.  Accordingly,  it  seems  desirable  in  future  tests  both  to  increase  the  scale 
ol.the  blasts  and  to  reduce  the  depth  interval  between  blasts.  Rather  than  using 
triplicate  blasts,  it  seems  desirable  to  fire  at  least  5  shots  at  each  depth. 


I  iguiii  6 7  summarizes  the  data  of  f  ig,  66  using  points  for  each  explosive 
midway  between  the  lower  and  upper  limits  of  dispersion.  Volume-utilization  factors 

tor  each  type  of  explosive  may  be  obtained  from  Fig.  67  in  . . .  earn . .  manner  that  radius 

utilization  factors  were  obtained  from  Fig.  65.  Volume . utilization  factors  are  plotted' 

against  depth  ratio  in  Fig.  68.  1 


The  volume . utilization -factor  curves  are  different  in  shap . from  the  radius 
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utilization-factor  curves  because  of  the  manner  of  construction.  Because  of  lack  of 

detai1  m  the  Ulterval  > . .  ‘5  and  18  in.  deep,  the  volume-utilization-factor 

. . .  were  . . .  ahead  t<>  critical  depth  using  . .  trend  observed  at  lesser  depths. 

The  relative  positions  of  the  curves  for  the  various  explosives  is  the  same  as  for 
th?/?;1' lllhzallon'f«lor>  The  volume  of  excavation  per  pound  is  less  for  Coalite 
1  un  for  U-odyo,  l„.  for  CrWyn  <K,„  for  A.Us  60.  le„  for  All.,  60  AU„  M, 

41  l|J'ePth  raho*  le>*  tharl  but  greater  at  depth  ratios  above  0.47. 
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Neglecting  for  a  moment  the  anomalous  behavior  of  Atlas  80,  it  is  of  interest  to 
note  that  at  a  depth  ratio  of  0.  6  the  volume -utilization  factor  multiplied  by  2000  equals 
the  confined  velocity  in  feet  per  second.  Moreover,  at  a  depth  ratio  of  0.  5  the  volume 
utilization  factor  multiplied  by  2000  equals  the  unconfined  velocity  in  feet  per  second. 
The  relations  are  summarized  in  the  following  table. 


Explosive 

Depth 

Volume  - 
Utilization 
Factor 

Type 

Ratio 

(ft3 /lb) 

Atlas  60 

0.  60 

10.  0 

Gelodyn  1 

0.  60 

6.  8 

Coalite  7S 

0.  60 

5.  1 

Atlas  60 

0.  50 

8.  0 

Gelodyn  1 

0.  50 

5.  25 

Coalite  7S 

0.  50 

3 ,  80 

Volume- 

Utilization 

Confined 

Unconfined 

Factor 

Velocity 

Velocity 

Times  2000 

(ft/sec) 

(ft/sec) 

20,  000 

13, 600 

20,000 

14,000 

10,200 

10, 000 

16,000 

16,000 

10,500 

10,000 

7,  600 

8,  000 

As  depth  ratio  is  a  measure  of  confinement  and  standardized  tests  for  measuring 
velocity  of  detonation  show  that  velocity  increases  with  confinement,  it:  is  not  unreason¬ 
able  to  assume  that  the  velocity  of  detonation  increases  with  the  depth  ratio. 

The  peculiar  property  exhibited  by  Straight  Gelatin  explosives  of  detonating  at  a 
much  lower  rate  when  unconfined  than  when  confined  has  been  mentioned  previously 

Str?i8.ht  ““i"  di"er  ^‘‘V  <»  >  manner  hoi  directly 
in  proportion  to  the  blasting  gelatin  content,  but  depending  also  upon  the  percentage 

mu8tdbeIreanoMib5ref8enftv,  S°dUlm1  nitr?te  in  various  combinations  with  blasting  gelatin 
60  FW  cP,  ■  W  r°ir  he  anomalous  behavior-  More  sodium  nitrate  is  added  to  Atlas 

of  SlieKt  riuif  iTi"  ""V"  A11“S  80  P"CMt  Slral«1't  A‘  another  grade 

of  Straight  Gelatin  might  have  a  higher  confined  velocity  than  Atlas  60,  it  might  be* 

.S, „ei.r«,Th«  At“  Sir”®  aCti“  5traigM  Cmtainine  m°re  a"d  leSS 

,  tbe  <,:biP*h  of  burial  of  explosive  is  decreased  at  constant  weight  or  as  the 
weight  of  explosive  is  increased  at  constant  depth,  the  volume -utilization  factor" 
decreases.  The  decrease  is  accompanied  by  an  increase  in  fragmentation,  but  the 
h'eitrhf  *  and  &9  ,one.  might  assume*  Flyrock  travel-distance,  flyrock  travel- 

coimnt  weight  f *  rP,  °fll0(n  Uicrease  as ,the  depth  of  burial  is  decreased  at 
constant  weight  (as  the  depth  ratio  decreases).  From  these  observations  several 
important  conclusions  may  be  drawn: 

1 )  The  use  of  explosive  greatly  in  excess  of  the  optimum  weight  increases  the 
hazard  to  a  soldier  constructing  a  foxhole  of  being  struck  by  flyrock.  To  reduce  the 
lazard,  the  distance  between  the  blast  firing  point  and  the  foxhole  must  be  increased. 

2)  Because  of  the  greater  noise,  greater  flyrock  travel -height,  and  greater 
flyrock  travel-distance,  the  use  of  explosives  greatly  in  excess  of  the  optimum  weight 

increases  the  liklihood  of  the  enemy's  spotting  the  position  where  foxholes  are  being 
dug,  '  . 6 

3)  I  rom  the  standpoint  of  logistics  it  is  undesirable  to  use  explosives  greatly  in 
excess  of  the  optimum  weight  for  blasting  foxholes  in  frozen  ground  because  much  of 
energy  of  the  explosion  is  wasted  at  shallow  depths  of  burial.  Atlas  60  is  preferable 
to  other  types  of  explosives  used  in  the  Keweenaw  Tests  because  of  its  greater  volume - 

lbs  at  ion  factor  and  because  of  the  small  weight  that  must  be  supplied  to  . .  soldier 

::l  transported  on.  the  battlefield. 

Figure  69,  a  cost  comparison  of  the  various  . . .  explosive . .  based  upon  1954 
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. . *  Atla*  explosives,  shows  that  Atlas  60  is  less  . . .  than  the  other  typei 

The  explosives  were  manufactured  within  25  mi  of  the  Keweenaw  Test  Site, 
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PART  I.  EXPLOSION  TESTS  IN  KEWEENAW  SILT 


Under  the  most  ideal  conditions  of  controlled  blasting,  the  lowest  possible 
explosives  costs  obtainable  per  cubic  foot  broken  are  as  follows: 


Explosives  Costs 
per  Cubic  Foot  Broken 
( cents) 


Atlas  60 
Gelodyn  1 
Atlas  80 
Coalite  7S 


1.035 

1.80' 

1.96 

2.04 


**■  summary  of  observations 

Energy  utilization  in  the  sense  of  producing  a  crater  of  large  radius  or  of  large 
volume  vs  greatest  at  optimum  weight.  At  optimum  weight  the  depth  ratio  appears  to 
differ  slightly  for  each  type  of  explosive,  but  ranges  from  0.  9  to  1. 0  In  order  to 
determine  accurately  the  depth-ratio  range,  additional  blasts  must  be  fired  in  ground 
frozen  to  a  greater  depth  than  obtained  during  the  Keweenaw  Tests. 

The  term  radius- utilization  factor  is  used  here  to  express  energy  utilization  per 
unit  weight  ot  explosive,  and  is  equal  to  the  number  of  feet  of  crater  radius  obtainable 

h  °nC  P°Und  °!  C?pl08tve<  ,Tbe  volume -utilization  factor  is  the  number  of  cubic  feet 
of  crater  excavated  per  pound  of  explosive. 

F  lg.  65  shows  the  relation  between  the  radius -utilization  factor  and  the  depth  ratio 

for  each  of  the  Keweenaw  Test  explosives.  As  the  depth  ratio  decreases,  the  Radius- 

utilization  factor  decreases  also.  The  form  of  the  curves  suggests  a  definite  relation 

Ahlaif^lO ^,erforrrl<^ce.a^d  composition  of  explosive.  It  is  apparent  that  the  Atlas  60- 

ancHhaR th^eLv^  differs  from  th<*  Gelodyn  -  Coalite  Series, 

and  that  he  behavior  of  Gelodyn  is  intermediate  between  that  of  Ammonia -Base 

Permissibles  (Coalite  7S)  and  of  Straight  Gelatin  explosives. 

Figure  68  relates  volume -utilization  factor  to  depth  ratio.  The  relative  position 
o  '  the  curves  for  the  Keweenaw  Test  explosives  is  the  same  as  in  Figure  65  Each 

fan  t<,'  (°,1Ve  SeemS  t0  exhibit  a  "characteristic  curve. »  Perhaps  the  form  of  the 
characteristic  curve  is  a  property  of  the  material  as  well  as  of  the  explosive. 

The  energy-utilization  effect  present  in  blasts  at  various  length-scale  ratios  and 
at  various  depths  using  various  types  of  explosives  may  be  expressed  by  an  "enemv- 

P  O Blaa;jest  Ci  i)  Blasts  in  which Cthe* same 

proportion  of  the  total  energy  of  the  explosion  is  utilized  by  the  medium  would  have  the 

same  energy-utilization  number.  The  energy- utilization  number  can  be  calculated 
using  the  volume -utilization  factor  and  the  model-law  equations. 

e s t abl^ali V"b ^  rel*ed  to  ener^  utilisation.  It:  is  most  difficult  to 

ls  Laotian  a  basis  for  comparing  the  efficiencies  of  various  blasts.  Efficiencies  mieht 

be  compared  on  a  basis  of  volume  broken  per  pound  of  explosive  (volumV-miiJsHon 

c SISK?™  le  7hr,brote" « -<*■*.  bu. 

b°  md Vo™  lh,  ^^'r  .!’-  .?0Ta,ri’°n  "‘e  "’'  rey  of  ,h*  »«Pl"»lon  cannot 

oe  measured  and.  the  true  relation  between  impulse  and  enemy  utilization  is 

blaestinlaafroz  betW*e"  ®*plo0ive8  C08t  and  dePth  ratio  (Fig.  69)  shows  that,  costs  of" 

8  f  ",  gloulid  mcrea8e  as  the  depth  ratio  decreases.  The  lowest  possible  cost 
(a0d  PerhapS  the  neatest  possible  Wasting  efficiency)  is  . . .  at  optoum  weigW 

com«,ufoTClU^!’n0i,Shi^,SCaPi,ble.!l,it  of  on  ««plo.i„  i.  r.laied  to 

.ompu.ition  Uimg  [lie  .la,, ,1, ration  ot  commercial  explo»iv*s  ba,ed  upon  romoosition 

I  able  I) ,  « :  po..ibl«  to  predial  (ha  rotative  .HecHve!*,,  of  the  KeVeen.wTeT 

explosives,  at  maximum  energy  utilization  (at  optimum  weight). 


I|lllilll|||ll!lll|lil>ll  . . . 


I’lEkutBlillUHWIMri 


m- 


;i:liwi!Kl|jJl!l::!!|tltB!tiii! 


68 


EXCAVATIONS  IN  FROZEN  GROUND 


obtained  using  a  ballistic  mortar  and  ballistic  oendulu^  A  Wthi  energy  measu«ments 
because  of  mechanical  limitations,  She  billistic  nmrtaT;  exl3lanatio«  is  that, 

measure  the  energy  of  an  explosion  in  the  reeion*  wh  ballist.ic  P«ndulum  cannot 

molecules  is  responsible  for deviation  from I  p  "°"volume  of  the 

volume  of  the  molecules  must  be  taken  into  ar  m  t  ^jas  Law*  Undoubtedly  co¬ 
weight.  taken  mto  account  for  blasts  in  the  region  of  optimum 


Section  IV. 


Blast  Test  C- 
In  tier  face  ' 


iThe  Frozen-Ground 


j.  Introduction 

The  interface  between  frozen  and  ,  . 

it  a  plane  surface.  Moreover,  the  depth  of  freezing'deDen'ds  *  6harp  boundar/>  is 
including  composition  and  moisture  content  of  the  soil  n  Up°?  many  factors’ 
the  maximum  thickness  of  frozen  ground  was  Z4  In  k.  rg  the,Keweenaw  Tests 
of  freezing,  parts  of  the  test  site  were  frozen  m  a  d  1  he  tlme  of  maxim™  depth 
„  ,  ,  re  lrozen  to  a  dePtb  not  greater  than  10  in 

Because  of  limitations  of  the  test 

the  frozen-ground  interface  or  to  s epa rate’ s uch^ffm ff l°  measure  the  effect  of 
as  presented  in  Blast  Test  B.  It  is  necessarv  a  £  1 ,°m  etnergyutili*ation  effects 

ground  interface  is  and  how  to  measure  it  Ar  the  effect  of  the  frozen- 

the  Keweenaw  Tests  (Ch.  II,  1 ) ,  we  may  assume^?®  t0  th*  theory  evolved  from  all 
the  utilization  of  energy  are  related  in  I  comolev  m  expanB/°n  °f  the  gas  bubble  and 
unfrozen  material  below  the  interface-  h)  i0  th,  <T  .T"1  -  (1)  t0  ProPertie8  of  the 
ratio.  The  depth  ratio  depends  both  upon  the  exnltf  ” 5°*  and  (3)  to  ,:he  interface 
The  interface  ratio  is  the  ratio  of  the  depth  of  bu  hi T  f.nd the  depth  of  burial. 
Depth  ratio,  interface  ratio,  and  explosive  tvne  ,  ,  ^  d*pth  of  frozen  ground, 

provided  the  depth  of  freezing  is  great  enough  tZ  *lthl"  contro1  of  blaster, 

present!16  “,r°M  gr°“"d  *“  Sho“ld  Z f'Z '.T" 

vartoui  depth  rntop  ia  ESr^l^i  ‘”led  f*)  U 

toer****trUiOT4*r  to  morale  -hP  «*«■  are 

Wfl  may  c oriel urlp  u  |  muli  erf  ih.  — _  „ 

ground  in.erfa«  I,  to  change  it*  lhatrt  cif*cl  tk* 

Ijcinr.  pf.i.ltly  by  tbKtliu  tb.  cipirr  at -Tl/lf'0'  “J  ,h*  '*<w»-im)ii»|ion 

T  rk..  the  ,„r“; bubW*  ***  ty  tn.r.JTn, 

*>'•*»  *•  the  n  am ,  J .  .^JSEgte  ■  “pm  th,  m,rnu,n.  " 

* IM.  et  the  IJrtsi  °n"r,Iy 

of  froz,n-s;,n„nH  t0  .calit|)|  law, 

-  -rarer,!;  iszixzt  le"g‘Y*c*1'  «— •  p^. 

expressing  the  model  law;  '  8  qua  on  ia  adopted  here  as  accurately 


R 


K  :s/"w 


. . 'here, 


:H,  is  radius  of  rupture 

K  is  a  constant 

Wis  weight  of  explosive. 


From  infc 
be  broken  dow 
R  becomes  N 


srinal; 
n  in t;t 
and  K  =  A 


ion  obtained!  in  the  Keweenaw  Tests  and  els wh 

»  th j  narts  an I  *1 t .  ..  «.i»(.wnere 


.  j.,,  . - . '*■»******  icbib  stria 

■>_  th  re  e_  parts  and  the  formula  rewritten. 
N  =  A  B  C  \TW 


perhaps  K 


can 


....  "  fl 41.  Ill  Ill 
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N  is  the  normal  distance,  in  ft  from  the  center  of  the 
charge  to  the  damage  surface 
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A  is  an  energy-utilization  number,  which  depends  upon  the 
type  of  explosive  and  the  depth  ratio,  (See  Summary 
of  Observations  -  Blast  Test  B) 

B  is  a  rock  factor.  (See  Terminology  p.  4  ) 

C  is  a  stress-distribution  factor,  which  depends  upon  the 
interface  ratio  and  the  number  of  free-faces 

W  is  weight  of  explosive,  in  lb. 

From  the  data  from  critical-depth  blasts  at  interface  ratios  of  0.  5  or  less,  the  l  *  J 

A  B  C  product  can  be  calculated  for  each  of  the  various  explosives  used  in  frozen 
Keweenaw  silt.  At  interface  ratios  less  than  0,  5  we  may  assume  that  C  is  1.0.  Then 
the  value  of  B  is  also  constant.  Because  it  was  impossible  to  distinguish  in  the 
Keweenaw  Tests  any  difference  between  critical  weight  and  optimum  weight,  the  same 
energy-utilization  numbers  may  be  used  for  optimum  weight  as  for  critical  weight.  | 

Fig.  70  (top)  shows  graphically  the  model-law  equations  for  blasts  in  frozen 
Keweenaw  silt  in  holes  less  than  15  in.  deep.  Within  that  depth  range,  the  influence  of 
the  interface  ratio  is  minimized.  The  AB  product  is  2.27  for  Atlas  60,  2.05  for 
Gelodyn  1,  and  1.70  for  Coalite  7S.  The  model-law  equations  for  critical  or  for  I 

optimum  conditions  are  written  adjacent  to  the  curve  for  each  explosive. 

Fig.  70  (bottom)  shows  graphically  model-law  equations  for  blasts  in  frozen  ! 

Keweenaw  silt  as  determined  using  holes  18  in.  deep.  AB  products  are  2.  39  for  Atlas  1 

60,  1.96  for  Gelodyn  1,  and  1.  63  for  Coalite  7S,  Whether  the  difference  in  constants 
in  the  two  sets  of  equations  is  due  to  the  interface  ratio,  to  the  rock  factor,  or  to 
the  experimental  error  is  unknown  at  present  because  the  difference  is  small 
(approximately  5%),  the  weights  of  explosives  are  small,  and  the  scale  of  the  blasts 
is  small, 

One  approach  used  in  the  field  to  provide  information  on  the  effect  of  the  frozen- 
ground  interface  was  to  calculate  the  critical  weight  of  explosives  for  blasts  in  holes 
12,  18,  27,  3b,  45,  54,  and  63  in.  deep  (Blasts  155-  185;  see  Appendix  A- 9,  A- 10),  [ 

using  the  model-law  equations,  and  visually  compare  results  at  the  various  scales.  ' 

A  larger  crater  was  produced  for  the  deep  blasts  than  had  been  anticipated,  but  because 
the  difference  between  optimum  weight  and  critical  weight  was  less  than  the  dispersion,  ! 

because  of  the  wide  limits  of  dispersion  in  the  region  of  optimum  weight- critical,  weight, 
and  because  blasts  over  21  in.  deep  were  below  the  frozen  layer,  it  was  assumed  that  ! 

*9.1 8  of  energy  at.  the  interface  was  negligible.  According  to  the  shock-eff . .  theory, 

one  would  expect  a  loss  of  energy  due  to  reflection  at  the  interface.  It  is  most  evident 

that  a  loss  does  not  occur,  ,  As  such  evidence  was  accumulated,  the  true  significan . .  ^ 

of  the  gas  bubble  became  apparent.  ''  I 

1: _ Relation  between  the  ratio  of  chamber  volume  to  crater  volume  and  the  volume-  1 

utilization  factor  . . . . . . . . .  .  '  .  . . — I 

Craters  produced  by  blasts  within  the  frozen  layer  show  the  following  features,  not 

previously  observed  in  blasts  in  soils  and  rock  and  presumably  . . .  in  some  manner  ! 

to  the  interface  ratio: 

1. )  Neither  heavy  nor  light  charges  of  explosives  detonated  within  the  frozen  layer 

broke  through  the  frozen-ground  interface,  but  charges . .  intermediate  . . . 

. . .  Chapter  III,  Section  II,  4. ) 

2. )  The  froze n-groun . 1  interface  was  displaced  downward  by  "bulging"  or  plastic  I 

. . .  before  scabbing.  The  diameter  of  the  downward  bulge  was  less  than  the 

diameter  of  the  surface  crater. 


^  f  0.  Critical  we i gilts  of  explosives 
blasts  in  frozen  Keweenaw  silt* 
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3)  The  shape  of  the  surface  crater  was  related  in  some  manner  both  to  the  weight  of 
charge  and  to  the  interface  ratio.  Failure  of  the  frozen-ground  interface  tended  to 
produce  an  hour -glass -shaped  crater.  Downward  plastic  flow  of  the  frozen  ground 
deepened  the  crater  to  as  much  as  twice  the  depth  of  the  charge.  The  resulting 
crater  was  entirely  within  the  distorted  frozen  layer,  but  was  deeper  than  the 
thickness  of  frozen  ground  before  distortion. 


From  field  observations  and  measurement  of  craters,  the  ratio  of  chamber  volume 
to  crater  volume  (see  Data  Sheet  Computations,  Chapter  II,  Section  I,  2k)  appears  to 
be  one  possible  measure  of  gas-bubble  expansion.  Figure  71  shows  this  ratio  vs. 
volume -utilization  factor  for  the  Keweenaw  Test  explosives.  Interface  ratios  and  depth 
ratios  are  shown  adjacent  to  the  points  on  the  curves.  The  curves  are  based  upon 
points  midway  between  limits  of  dispersion  presented  in  Figure  66  (Blast  Test  B) 
summarized  from  the  data  sheets  (Figs,  A-T3,  A-14,  and  ATS). 


Some  rather  interesting  and  pertinent  observations  can  be  made: 


1)  Each  of  the  curves  reverses  its  slope,  perhaps  as  a  result:  of  the  influence  of 
the  frozen-ground  interface. 

2)  Curves  of  the  Straight  Gelatin  Series  (Atlas  60,  Atlas  80)  resemble  each  other 
very  closely.  Curves  of  the  Semi-Gelatin  -  Ammonia-Base  Permissible  Series 
(Gelodyn- Coalite)  resemble  each  other  closely.  Curves  of  the  two  series  differ  from 
each  other. 


3)  The  plateau  for  each  of  the  explosives  occurs  at  a  different  interface -ratio 
range.  The  ranges  are  as  follows: 

Explosives 

Coalite  7S 
Gelodyn  1 
Atlas  60 
Atlas  80 

4)  The  width  of  the  plateau  and  the  spread  in  interface  ratio  are  accompanied  by 
a  corresponding  spread  in  volume -utilization  factors  as  follows: 


Inte  rface  -  Ratio  Range 

0.  26  to  0.72 
0.  26  to  0.  67 
0.  60  to  1.  50 
0.  8  3  to  1.74 


E  x pi o  s  i. ve  s  Vol urn  e  -  U I:  i  1  i  z a t  i o n  F  a c  t o  r  R a n g  e 


Coalite  7S 
Gelodyn  1 
Atlas  60 
Atlas  80 


2.  0  -  11.0 
3.  0  -  13.0 
7.5  -  22.  5 
7.5-  19.  5 


The  observed  relations  are  interpreted  with  respect  to  gas-bubble  expansion  in  the 
following  paragraph. 

Velocity,  energy,  and  pressure  all  are  related  to  composition  of  explosive.  An 
increase  in  velocity  is  accompanied  by  an  increase  in  pressure,  and  an  increase  in 
pressure  is  accompanied  by  an  increase  in  energy.  The  energy  of  Coalite  per  unit 
weight  of  explosive  is  lower  than  that  of  the  other  types  of  explosives.  As  the  energy 
decreases,  the  gas -bubble  pressure  decreases  also,  so  that  the  gas  bubble  expands 
more  slowly  before  rupture  and  increases  the  chamber  volume  relative  to  the  crater 
volume . 


Volume  -utilization  factors  of  each  explosive  rise  in  the  "plateau1'  region.  The 
explosive  having  the  greatest  energy  shows  the  greatest  rise,  and  the  rise  is  in 
proportion  to  energy.  Inasmuch  as  the  increase  in  volume -utilization  factor  is 
associated  (possibly  in  a  complex:  manner)  with  the  interface  ratio,  variation  must  be 
due  to  failure  of  the  frozen -ground  interface.  Perhaps  as  a  result  of  failure,  the 
effective  center  of  pressure  of  the  gas  bubble  is  lowered,  thus  increasing  the  depth, 
ratio.  An  increase  in  depth  ratio  is  accompanied  by  a  corresponding  increase  in  the 
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volume -  utilization  factor  (Pig.  68).  It  is  logical  to  assume  that  the  total  time  during 
which  the  explosion  exerts  its  energy  against  the  frozen  ground  is  greater  where  failure 
of  the  frozen-ground  interface  occurs  than  where  it  does  not  occur.  Accordingly,  an 
increase  in  volume-utilization  factor  is  perhaps  due  to  an  increase  in  impulse. 

4.  Increase  in  volume-utilization  factor  for  charges  placed  below  the  frozen  layer 

In  using  the  model-law  equations,  it  is  commonly  assumed  that  the  A  B  C  product  is 
the  same  for  blasts  at  different  length-scale  ratios.  Blast  Test  B  (Fig.  68),  shows 
that  the  energy-utilization  number,  A,  depends  not  only  upon  the  type  of  explosive,  but 
also  upon  the  depth  ratio.  Because  a  deep  crater  is  produced  in  frozen  Keweenaw  silt 
as  soon  as  the  critical  weight  is  exceeded,  the  energy-utilization  number  at  optimum 
depth  is  the  same  as  at  critical  depth.  Therefore,  the  ABC  product  at  the  optimum 
weight  is  the  same  as  at  the  critical  weight.  Thus,  we  nave  an  accurate  means  of 
comparing  crater  volumes  at  the  optimum  weight. 

Let  us  assume  that  a  charge  with  center  of  gravity  1. 0  ft  below  the  surface 
represents  a  prototype  blast.  From  field  data  for  blasts  at  interface  ratios  of  0.  5  or 
less  and  the  scaling  laws,  it  is  possible  to  determine  both  the  weight  of  explosive  and 
the  volume  of  the  prototype  crater. 

Using  data  obtained  from  the  Energy  Utilization  Experiments  (Blast  Test  B), 
volumes  at  various  depth  ratios  have  been  computed  for  each  type  of  explosive  (Fig.  72). 
These  volumes  represent  variations  of  the  volume  of  the  prototype  crater  at  various 
depth  ratios  and  are  henceforth  referred  to  as  "prototype  volumes."  Values  of  A,  the 
energy-utilization  number,  can  be  calculated  from  the  graphs  for  each  type  of 
explosive  and  at  any  depth  ratio,  but  it  appears  preferable  to  wait  for  additional  field 
data  at  larger  length-scale  ratios. 

From  Figure  72  and  the  scaling  laws,  the  volume  of  crater  in  frozen  Keweenaw 
silt  at  any  depth  ratio  and  any  scale  ratio  for  each  of  the  four  explosives  can  be  pre¬ 
dicted.  As  the  prediction  assumes  (1)  a  constant  ABC  product  at  both  scales  and  (2) 
a  constant  value  of  A  at  both  scales,  any  departure  from  the  predicted  volume  must 
be  due  either  to  C,  the  stress-distribution  factor,  or  to  B,  the  rock  factor. 

Thus  we  can  appraise  the  effect  of  the  interface  ratio  in  a  preliminary  manner, 
but  final  appraisal  is  impossible  until  variations  in  the  energy-utilization  number  and 
the  rock  factor  are  determined  at  larger  scales.  Ultimately,  after  expanding  the  field 
data,  it  should  be  possible  to  calculate  values  of  C  at  various  depth  ratios  and  for 
various  types  of  explosives.  The  following  calculations  illustrate  an  application  of  the 
scaling  law  to  this  problem  and  indicate  that  blasts  below  the  frozen  layer  give  larger 
crater  volumes  than  blasts  within  the  frozen  layer. 

Example  1.  For  a  blast  using  0.  66  lb  of  Coalite  7S  at  8  in.  depth  of  center  of 
gravity  in  frozen  Keweenaw  silt  19*/^  in.  thick. 

(a)  What  is  the  interface  ratio? 

(b)  What  volume  of  broken  material  will  be  produced? 

Solution: 

g 

(a)  Interface  ratio  =  ^  9~5=  0*41 

(b)  To  obtain  the  volume  of  excavation: 

1 .  F rom  Fig.  70A, 

Critical  depth  =  1. 44  ft. 


2. 


Depth  ratio  = 


Actual  depth  of 
center  of  gravity 

critical  depth 


CgA  0.  666 
'  Cgc  ~  1.44 


0.  463. 
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3.  From  Fig.  72. 

Prototype  volume  V  (with  weight  of  Coalite  equal  to  the  critical 
weight  for  1 .  0-ft  depth)  =  0.  82  ft3. 

4.  Obtain  volume  at  8- in.  depth  with  0.  66-lb  charge  (V  )  by  multiplying 
VQ  by  the  cube  of  the  critical  depth  for  a  0.  66-lb  change  of  Coalite. 


VA  =  Vc 


.■lPgC.Il  -  y  /  Qa.  \  3 

o  (CgQp  Vo'C8c) 


VA  =  0.82  ( 1 . 44)3  =  2.  45. 

The  problem  was  taken  from  an  actual  blast  in  frozen  Keweenaw  silt  (Hole  3x0). 
The  actual  crater  volume  obtained  by  the  blast  (see  Fig.  A- 15)  is  2.  37  ft3.  The 
calculated  value  and  the  true  value  are  in  reasonable  agreement. 

Example  2:  Compare  the  actual  volume  obtained  from  a  crater  blast  of  Coalite  7S 
placed  below  the  frozen  layer  with  the  predicted  volume  for  blasts 
within  the  frozen  layer.  The  following  data  are  obtained  from  Blast 
Hole  168.  (See  Appendix  A-9.  ) 

Weight  of  explosive  1.40  1b. 

Depth  of  frozen  ground  19  in,  =  1.  58  ft. 

Depth  of  C.  G.  of  charge  Z?.1/s  in.  =1.84  ft. 

Actual  volume  of  crater  39.  15  ft3. 


Procedure: 


1.  From  Fig.  70B,  for  1.40  lb  of  Coalite  7S, 


Critical  depth,  Cg  =  1.  83  ft. 


Depth  ration 


i.  005, 


J,  Jj  rorn  i  ig.  72,  prototype  volume  at  1.00  depth  ratio  (no  data 
available  beyond  1.00), 


V  =  2.  50  ft3, 
o 


4.  The  volume  at  1.84 -ft  depth  with  1.40-lb  charge  (VA)  is: 
VA=  v0  (CGc)3  =  2.5  (1.  S3)3  =  15.  4  ft*. 
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In  this  calculation  the  stress-distribution  factor  C  is  assumed  to  . . .  constant,  1.0  for 

charges  not  affected  by  the  frozen-ground  interface.  . . mparison  of  the  computed 

voinne  (15.4  it)  and  the  actual  volume  (35.  15  ft?)  shows  that  the  volume  of  excavation 
pei  pound  of  explosive  is  2.  3  times  as  great  as  id. 

We  may  as  sum the  ref re,  that  blasts  below  the  fro* layer  (interface  ratio 

0*44  to  0  59  ’  °°  arC  mUch  more  eifective  than  . . a':  interfat . .  ratios  ranging  . . rn 
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5. 


Position  of  the  gas  bubble  relative  to  the  frozen ’ground  interface 

The  evidence  concerning  the  effect  of  the  interface  ratio  may  imply  that  the  energy- 
utilization  number  and  the  stress-distribution  factor  are  related  only  to  the  depth  ratio, 
ana  that  a  simple  series  of  values  of  A  and  of  C  can  be  derived  ultimately, 

"lrU?tely’  ihIre  ap,ptars  *°  be  a  ^elicate  balance  between  the  interface  ratio,  the 
depth  ratio,  and  the  weight  and  type  of  explosive.  Until  these  relations  can  be 

determined  and  measured  separately,  values  of  C,  the  stress-distribution  factor, 
cannot  be  computed  accurately.  The  complex  relation  is  due  apparently  to  the  shape 
and  volume  of  the  gas  bubble  and  its  position  relative  to  the  frozen- ground  Interface. 

In  figure  73,  showing  blasts  at  nearly  constant  interface  ratio  but  at  variable  depth 
ratio,  the  volume-utilization  factor  rises  abruptly  at  a  depth  ratio  of  0.  60,  This 
increase  is  due  to  rupture  of  the  frozen-ground  interface  by  the  gas  bubble  The 
interface  is  ruptured  in  producing  Craters  38,  39,  40,  and  41,  but  not  in  Craters  42, 

- ,  and  44.  The  condition  described  is  not  an  isolated  example,  because  the  same 
thing  happens  with  each  of  the  other  types  of  explosives,  but  the  depth  ratio  at  which 
rupture  occurs  is  different  for  each. 

It  may  be  observed  that  the  decrease  in  volume-utilization  factor  with  decrease  in 
depth  ratio  is  more  rapid  following  than  preceding  rupture.  Moreover  it  appears  that, 
following  rupture,  the  volume -utilization  factor  approaches  a  value  that  would  be 
obtained  by  projecting  Curve  44,  43,  42  ahead.  In  other  words,  rupture  of  the  frozen- 
grpund  interface  produces  its  greatest  effect  at  that  particular  demh 

Y 1 1  n  t 1 1  r  Ifl  h  FiaTikH  Ki.f  .  -  T  m.  J  « . - - a c - -= — -  -  v  1 


‘8  initiated,  but  as  the  weight  of  explosive  is  increased  beyond  that  required  to 
mpture  the  frozen-ground  interface,  the  stress-distribution  factor,  C,  approached  1.0. 

Even  though  the  volume  utilization  factor  rises  for  each  type  as  a  result  of  rupture 
of  the  frozen-ground  interface,  in  no  instance  does  it  exceed  the  factor  at  the  optimum 
weight.  It  is  apparent,  therefore,  that  the  product  of  the  energy-utilization  number,  A, 

ra'tio^ for' ZZ: ^  1<0  “  giV'e"  depth  ~ 

The  explanation  adopted  here  of  the  greater  volume  obtained  in  Crater  Blast  168 
(see  Example  2)  than  predicted  is  that  blasts  below  the  frozen  layer  are  equivalent  to 
blasts  in  a  weaker  rock  than  frozen  Keweenaw  silt.  As  Blast:  1.68  is  at  a  depth  ratio  of 

nlnS.w  may,  defTe,  M  0P*imum-depth  shot.  Under  such  conditions  the  A  C 
product  cannot  exceed  1. 1),  regardless  oi:  the  position  of  the  frozen-ground  interface 
It.  follows,  therefore,  that  the  increased  volume -utilization  factor  for  blasts  below  the 

tr, t0o  rOCk  f,actor' '  According1y*  we  may  expect  a  difference  of 

as  much  as  3  to  1.0  between  the  rock  factor  for  blasts  entirely  within  the  frozen 
ground  and  the  rock  factor  for  blasts  below  the  frozen  layer. 

For  a.  blast  below  the  frozen  layer,  part  of  the  rock  factor  is  contributed  by  the 
f io«n  layer  and  part  by  the  unfrozen  layer.  Therefore,  we  might  expect  that  the  value 
-  w°uW  range  between  the  value  for  frozen  ground  and  the  value  for  soil,  depending 
on  the  relative  thickness  of  each.  1  * 

ib, _ Igloo- type  foxhole  construction 

A  useful  and  very  practical  application  of  the  theory  of  crater  formation  presented 
tlie  beginning  of  Chapter  III  is  the  construction  of  igloo-type  foxholes.  An  igloo-type 
:l  oxhole  is  made  by  a  gas-bubble  cavity  below  the  frozen  layer;  the  frozen  layer  fa  donned 
ip  so  that  it  breaks  at  the  top  of  the  dome,  producing  an  opening  large  enough  for  a 
soldier  to  crawl  into  the  cavity  but  leaving  the  remainder  of  the  dome  intact? 

■  ^l?l00~lYpe  foxholc  No.  ZZ9)  produced  by  a.  critical- 

weight  blast  of  Atlas  80  Percent  Straight  Gelatin  placed  below  the  frozen  layer.  The 

frozen  ground  was  1 6  in, thick,  The  center  of  gravity  of  the  charge  was  placed  53  in 
below  the  surface,  using  a  blest  hole  7%  in,  in  diameter  and  4.  5  ft  deep.  . .  weight 


of  the 
in  thi 


xplosive  charge  wee  3.02  lb.  The  gas-bubble  cavity  was  6  ft  in  dieter' wiT 
instance,  3.  U  ft.  high.  .Additional  unfrozen  ground  can  be  . . moved  to  increase 


the  height  of  the  opening  if  desired.  Only  the  muck  which  had  falle 
in.  the  roof  of  the  igloo  was  removed  in  this  case. 


through  the  hole 
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Figure  74. 


Igloo-type  foxhole  produced  by  blast  of  Atlas  80  Percent  Straight  Gelatin 
at  critical  weight  below  the  frozen  layer. 


Figure  75.  Igloo  type  foxhole  produced  by  blast  of  Atlas  60  Percent  Straight  Gelatin 

at  critical  weight  below  the  frozen  layer. 


Figure  76.  Igloo-type  foxhole  produced  by  blast  of  Coalite  7S 
at  critical  weight  below  the  frozen  layer. 
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The  domed-up  igloo  roof  is  strong  enough  to  be  safe  without  supports.  So  long  as 
the  ground  remains  frozen,  there  is  little  danger  of  caving. 

Figure  75  shows  a  foxhole  made  by  Atlas  60  Percent  Straight  Gelatin.  More  broken 
material  was  removed  from  the  crater  to  expose  the  roof  of  the  igloo  and  the  hole  in  the 
roof.  The  doming  of  the  frozen  ground  and  the  dimensions  of  the  crater  are  apparent 
from  the  level  rod  and  the  stadia  rod.  Weight  of  explosive  was  0.75  lb.  Depth  of  center 
of  gravity  of  charge  was  23  in.  The  frozen  ground  was  21  in.  thick.  The  drill  hole 
was  24  in.  deep,  3^  in.  diam.  Diameter  of  the  gas-bubble  cavity  below  the  domed 
roof  was  4  ft.  No  broken  material  was  excavated  from  the  walls  of  the  cavity,  which 

blackened  by  soot  from  the  explosion  and  show  contortions  in  the  stratification  of 
the  natural  dredge-fill  Keweenaw  silt  due  to  expansion  of  the  gas  bubble. 

Figure  76  shows  a  foxhole  made  by  Coalite  7S.  Weight  of  explosive  was  1.77  lb. 

Depth  of  center  of  gravity  of  charge  was  21^  in.  Frozen  ground  was  19  in.  thick.  Drill 
hole  was  24  in.  deep,  3^  in.  diam.  Diameter  of  the  gas -bubble  cavity  was  4^  ft. 

Igloo-type  foxhole  construction  is  possible  only  if  the  charge  weight  is  properly 
chosen.  The  weight  and  depth  of  the  charge  should  be  selected  from  Figure  70. 

Because  of  the  increased  effectiveness  of  blasts  below  the  frozen  layer,  the  depth  of 
charge  might  be  increased  very  slightly  for  improved  results. 

Additional  research  work  should  be  done  to  determine  the  proper  ratio  between 
thickness  of  the  frozen  layer  and  depth  of  the  charge  to  produce  gas  bubbles  of 
specified  diameter  and  develop  roof  arches  of  proper  rise  and  span. 

Since  the  unfrozen  ground  below  the  frozen  layer  is  compacted  by  plastic  flow  to 
enlarge  the  gas -bubble  cavity,  igloo-type  foxhole  construction  may  be  impracticable  in 
some  types  of  soils. 

Additional  work  may  be  desirable  to  determine  the  best  type  of  explosive  for  igloo- 
type  foxhole  construction.  The  greatest  skill  is  required  with  high-velocity  explosives 
at  small  length-scale  ratios.  Military  explosives  are  dangerous  because  of  toxic 
fumes  which  fill  the  gas  bubble  and  permeate  cracks  and  pore  space  in  the  medium. 

Section  V.  Blast  Test  D  — Foxhole  Construction 

1  ,  Introduction 

Blast  Test  C  indicated  that  a  charge  is  more  effective  placed  below  rather  than  in 
the  frozen  layer.  However,  foxholes  may  be  needed  in  places  where  depth  of  freezing 
is  so  great  that  placing  the  charge  below  the  frozen  layer  would  be  impracticable. 

Obviously,  the  problem  of  drilling  a  hole  and  placing  a  charge  to  produce  a  foxhole 
is  not  simple  under  combat  conditions.  The  proper  selection  of  drilling  equipment  to 
produce  a  hole  of  proper  diameter  and  depth  depends  upon  the  physical  properties  of  the 
material.  Various  procedures  are  required  under  various  conditions.  It  seems 
impossible  to  develop  a  single  piece  of  equipment  suited  to  all  the  various  conditions 
that  can  be  expected. 

Igloo-type  foxholes  are  possible  only  in  certain  types  of  frozen  ground  and  for 
comparatively  shallow  depths  of  freezing.  Blast  Test  D  is  a  preliminary  experiment 
with  conventional  open-top  foxholes  produced  by  "home-made"  shaped  charges  in 
combination  with  "stage"  blasting,  or  by  hand  augers  and  "stage"  blasting. 

2.  Application  of  shaped  charges  to  foxhole  construction 

The  scope  of  the  Keweenaw  Tests  did  not  include  the  investigation  of  shaped  charges 
as  a  means  of  producing  a  borehole  in  frozen  ground.  Accordingly,  standard  military 
shaped  charges  were  not  available.  The  results  described  here  are  of  preliminary  nature. 

Various  stand-off  distances,  diameters  of  cavity,  and  various  weights  of  the 
highest  velocity  explosive  obtainable  (Atlas  80)  were  tested,  using  a  "home-made" 

60° -cone-angle  shaped  charge.  Nothing  significant  was  learned  concerning  the  design 
or  use  of  shaped  charges.  It  is  doubtful  that  the  performance  of  standard  military 
shapes  would  have  been  greatly  superior  to  that  of  the  shapes  tested.  A  characteristic 
feature  of  the  shaped-charge  blasts  in  frozen  Keweenaw  silt  is  the  terrific  air-blast 
effect  compared  to  the  insignificant  depths  of  penetration. 
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Figure  77.  Hemispherical  depression 
produced  by  10-lb  shaped  charge. 


Figure  78.  "Plaster  shot"  of  2.  5  lb  of 
Gelodyn  1  before  detonation,  i 


Figure  79.  Crater  produced  by  first 
"plaster  shot". 


Figure  80.  Foxhole  produced  by  second 
"plaster  shot". 


The  increase  in  depth  of  penetration  of  a  10-lb  shaped  charge  over  a  5-lb  shaped 
charge  was  so  slight  that  it  could  not  be  detected  without  careful  measurement. 
Penetration  appears  to  occur  by  downward  deflection  of  the  frozen  ground  (as  if  it  had 
been  struck  by  a  large  ball-peen  hammer)  rather  than  by  a  punching  or  boring  effect. 

The  depth  of  the  depression  for  a  10-lb  shaped  charge  was  11  in.  Figure  77  shows  the 
crater-shaped  circular  depression  punched  downward  into  the  frozen  ground.  The 
absence  of  broken  material  in  the  "crater"  and  the  soot-blackened  walls  may  be  observed. 

Figure  78  shows  the  same  depression  charged  with  a  "plaster  shot"  of  6  sticks 
(2.  66  lb)  of  Gelodyn  1  primed  with  Primacord.  The  charge  was  covered  with  sand 
stemming  tamped  to  fill  the  crater  before  the  charge  was  detonated  electrically.  The 
blast  deepened  the  crater  from  11  in. to  30in.  (Fig.  79).  The  bottom  of  the  crater  is  in 
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frozen  ground,  but  the  frozen-ground  interface  was  bent  downward,  because  the  thickness 
of  the  frozen  ground  (21  in.)  is  less  than  the  depth  of  cratfer. 

A  second  "plaster  shot"  of  2.  66  lb  of  Gelodyn,  using  the  muck  from  the  previous 
blast  for  stemming  deepened  the  foxhole  as  shown  in  Figure  80.  The  frozen-ground 
interface  is  visible.  Excavation  below  the  frozen  ground  is  a  matter  of  shoveling.  It 
is  a  simple  matter  to  widen  the  excavation  below  the  frozen  ground  to  accommodate 
2  men,  or  to  tunnel  under  the  frozen  layer  to  an  adjacent  foxhole. 

3.  Application  of  hand-auger  drilling  to  foxhole  construction 

Although  penetration  of  conventional  military  shaped  charges  into  frozen  ground 
may  be  better,  it  is  doubtful  that  the  improvement  will  alter  materially  the  fact  that  an 
excessive  quantity  of  explosive  is  required  to  produce  a  borehole  in  frozen  ground  with 
a  shaped  charge. 

It  is  entirely  practical  to  drill  a  small -diameter  shallow  hole  into  frozen  Keweenaw 
silt  with  a  hand  auger.  With  a  charge  less  than  the  critical  weight,  the  hole  can  be 
sprung  to  accommodate  a  heavier  charge.  If  the  first  charge  is  small,  the  second 
charge  can  be  loaded  in  the  hole  immediately  and  blasted.  As  may  be  observed  from 
Figure  59,  the  second  blast  can  deepen  the  crater  up  to  2.  5  times  the  depth  of  the  center 
of  gravity  of  the  charge  (up  to  2.  2  times  the  depth  of  the  auger  hole).  The  crater  may 
be  deepened  further  by  using  successive  "plaster  shots"  as  described  and  illustrated  in 
connection  with  the  shaped  charge  experiments. 

Following  is  an  example  of  results  obtained  using  the  preceding  technique. 

Example  A.  A  hole  6  in.  deep  and  1  in.  in  diameter  was  drilled  with  a  hand  auger 
and  sprung  with  0.025  lb  of  Coalite  7S.  The  sprung  hole  was  immediately  re-charged 
with  0.75  lb  of  Gelodyn  1  and  blasted.  The  resulting  crater  greatly  resembled  that 
produced  by  a  10-lb  shaped  charge  but  was  1  in.  deeper.  A  "plaster  shot"  of  2.  66  lb  of 
Gelodyn  1  was  molded  into  the  bottom  of  the  crater,  then  covered  with  muck  from  the 
previous  blast  and  fired.  The  first  "plaster  shot"  deepened  the  crater  from  1.0  ft  to 

3.  6  ft  and  produced  a  conical- shaped  crater.  The  process  was  repeated  using  a  second 
Gelodyn  "plaster  shot"  of  the  same  weight.  The  blast  resulted  in  a  bulb-shaped  cavity 

4.  5  ft  in  diameter  at  the  bottom  and  3.  5  ft  in  diameter  at  the  top.  The  foxhole  broke 
through  the  frozen  layer,  which  was  20  in.  thick  but  was  distorted  downward  by  the 
first  "plaster  shot.  "  The  unfrozen  material  can  be  excavated  to  any  depth  desired 
by  shoveling. 

Example  A  illustrates  that,  by  use  of  simple  hand-auger  technique  and  stage 
blasting  with  "plaster  shots",  it  is  possible  to  construct  a  foxhole  with  6.09  lb  of 
explosive.  The  foxhole  has  approximately  the  same  dimensions  as  one  produced  using 
the  shaped-charge  technique  but  requiring  15.3  lb  of  explosive. 

In  the  following  example,  a  deeper  hole  was  drilled  with  the  hand  auger  (the  drilling 
took  longer  and  dulled  the  auger),  but  a  foxhole  of  dimensions  comparable  to  that  of 
Example  A  was  produced  with  5.  5  lb  of  explosive. 

Example  B.  A  blast  hole  1  in.  in  diameter  and  14  in.  deep  was  drilled  with  a 
hand  auger.  The  first  blast  was  at  optimum  weight  (0.  18  lb  of  Coalite  7S)  and 
produced  a  crater  1.  1  ft  deep  and  2.  3  ft  in  diameter.  A  "plaster  shot"  of  2.  66  lb  of 
Gelodyn  1  deepened  the  crater  to  3.  2  ft  and  produced  a  conical-shaped  crater.  A 
second  "plaster  shot"  of  the  same  weight  produced  a  bulb-shaped  crater  4.  6  ft  in 
diameter  below  the  frozen-ground  interface  which  tapered  from  4.4  ft  in  diameter 
at  the  surface  to  2.  2  ft  in  diameter  at  the  interface. 

4.  Conclusions 

It  appears  that  the  use  of  shaped  charges  for  producing  boreholes  in  frozen  Keweenaw 
silt  results  in  excessive  air-blast,  excessive  noise,  and  poor  penetration.  By  use  of  a 
hand  auger  and  stage  "plaster"  blasting,  it  is  possible  to  produce  a  crater  with  6  lb  of 
explosive  that  is  comparable  to  one  produced  with  1  5.  3  lb  of  explosive  using  shaped 
charges  and  stage  blasting. 
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1.  Introduction 
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All  blasts  were  fired  on  February  17.  At  that  time,  a  local  thaw  had  melted  1  in. 
of  the  surface  of  the  frozen  ground,  leaving  mud  and  small  puddles  of  water.  The 
ground  temperature  at  Gage  position  1-1,  6  in.  below  the  surface,  was  30.  6.  At  a 
point  12  in.  below  the  surface,  the  ground  temperature  was  30.  9.  The  higher  tempera¬ 
ture  at  the  greater  depth  is  due  to  time  lag  between  surface  and  underground  tempera¬ 
ture  changes. 

3.  Results  and  analysis 


The  data  for  Blast  Test  E  are  summarized  in  Figure  A- 6. 

Figure  81  shows  the  depth  of  crater  vs.  charge  weight.  The  relations  are  most 
erratic.  Through  a  range  equal  to  almost  twice  the  critical  weight,  it  is  impossible 
to  predict  whether  or  not  a  crater  will  be  formed.  The  range  from  0.  063  to  0.  103  lb 
of  explosive  might  conceivably  represent  the  dispersion  due  to  variations  in  physical 
properties  of  the  frozen  ground.  Such  a  dispersion  was  not  encountered  in  blasts  made 
in  colder  weather,  and  the  most  plausible  explanation  of  the  dispersion  is  that  thawing 
is  responsible. 

Figures  82  and  83  illustrate  ground- surface  conditions  at  the  time  of  blasting. 
Footprints  are  visible  in  the  mud  in  both  pictures.  Figure  82  is  a  blast  at  critical 
weight  which  produced  a  crater.  Observe  both  the  sandy  nature  of  the  broken  material 
and  the  muddy  surface.  Figure  83  is  a  blast  at  nearly  double  the  critical  weight. 
Radial  cracks  may  be  observed  at  the  collar  of  the  borehole,  and  the  blast  may  be 
described  as  a  "critical  blast." 

The  following  observations  made  in  the  field  at  the  time  of  blasting  are  pertinent 
to  the  problem. 


Temperature  and  moisture  are  variables  which  influence  the  rock  factor.  In 
general,  less  explosive  is  required  for  blasting  at  low  temperatures  than  at  tempera¬ 
tures  approaching  the  melting  point.  A  near-melting-point  temperature  causes  the 
frozen  ground  to  behave  more  plastically.  At  the  melting  point,  moisture  is  drained 
from  once-frozen  sandy  soils  and  accumulates  in  pools  of  water,  d-ains  through  open 
fractures  produced  by  previous  blasts,  or  remains  in  the  pore  space  of  silty  soils. 

At  near  melting-point:  temperatures  in  silty  soils,  the  energy  of  the  explosion  is 
absorbed  at  the  charge  elevation  by  plastic  flow,  thus  dissipating  the  energy  and 
increasing  the  quantity  of  explosive  required  for  failure.  A  noticeable  increase  in  the 
"surface  bulge"  is  produced  without  appreciable  fragmentation.  The  bulge  is  more 
pronounced  in  silts,  which  hold  moisture,  than  in  sands,  which  do  not.  Fragmentation 
varies  with  the  moisture  content.  As  the  moisture  content  increases,  the  ground 
yields  plastically,  and  little  fragmentation  is  accomplished.  At  a  temperature  near 
the  melting  point,  local  sandy  areas  of  high  permeability  within  the  frozen  Keweenaw 
silt  behave  more  like  a  soil  than  a  rock.  Less  explosive  is  required  for  blasting  than 
at  lower  temperatures.  On  the  contrary,  blasting  silt  areas  requires  more  explosive 
at:  near  melting-point  temperatures  than  at:  lower  temperatures. 

The  above  observations  imply  that  the  quantity  of  explosives  required  for  blasting 
is  related  to  the  plasticity  of  the  material.  As  the  plasticity  increases,  the  quantity 
of  explosives  required  increases  also.  At  near  melting-point  temperatures,  local 
sand  areas  within  the  Keweenaw  silt  are  less  influenced  by  the  ice  particles  that 
cement  the  sand  grains  and  the  frozen  sandy  soil  begins  to  lose  its  identity  and  assumes 
properties  approaching  those  of  an  unfrozen  soil.  At  near  melting-point  temperatures, 
silt  areas  become  more  plastic  and  assume  properties  more  closely  approaching  those 
of  viscous  materials  such  as  wet  clay. 

By  inspection,  the  quantity  of  explosive  required  for  blasting  frozen  . . silt 

at  near -melting -point  temperature  may  be  as  much  as  30%  greater  in  high- silt  areas 
and  as  much  as  30%  lower  in.  low-silt  areas,  than  at  lower  temperatures. 

4, _ Summa ry  of  obs e rvations 

Temperature  and  moisture  are  variables  that  influence  the  rock  factor  for  blasts 
in  frozen  ground.  The  frozen  ground  is  in.  a  process  of  continuous  change,  and  ai,  ot 


. ill 


Atlas  60%  Gelatin 


PART  I.  EXPLOSION  TESTS  IN  KEWEENAW  SILT 


85 


Figure  82.  Blast  using  critical  weight  at 
lower  temperatures  produced  a  crater 
in  sandy  soil  at  near-melting  point. 


Figure  83.  Blast  using  nearly  double 
critical  weight  at  lower  temperatures 
did  not  produce  a  crater  in  silt  at  near¬ 
melting  point. 


the  events  that  have  occurred  before  blasting  influence  the  rock  factor  at  the  time  of 
the  blast.  In  contrast  to  the  viscous  behavior  of  high-silt  areas  at  near  melting-point 
temperatures,  which  increases  the  quantity  of  explosive  required  for  blasting,  low- 
silt  areas  behave  in  a  manner  similar  to  moist  sand,  which  decreases  the  quantity  of 
explosive  required.  Under  near  melting-point  conditions,  an  extreme  variation  in  the 
rock  factor  may  be  expected.  The  range  of  variation  is  such  that  the  rock  factor  might 
be  either  that  for  moist  sand,  wet  clay,  or  frozen  silt  or  that  for  a  composite  of  all 
three. 

A  surface  thaw  to  a  depth  of  a  few  inches  complicates  the  results  of  blasting  much 
in  the  same  manner  that  the  presence  of  the  frozen-ground  interface  complicates  the 
rock  factor  for  blasts  below  the  frozen-ground  interface. 

It  is  suggested  that  the  temperature  effect  be  recognized  and  studied.  It  seems 
desirable  also  to  appraise  variations  in  the  rock  factor  resulting  from  variations  in 
temperature  and  moisture  of  frozen  ground  by  extending  the  field  experiments  to 
include  blasts  in  summer  before  the  ground  is  frozen.  It  seems  desirable  also  to 
determine  the  limiting  temperatures  of  frozen  ground  above  which  temperature  and 
moisture  effects  begin  to  exert  an  influence. 


Section  VII.  Blast- Test  F  —  Effect  of  Charge  Shape 

1.  Introduction 

The  purpose  of  Blast  Test  F  was  to  determine  the  effect  of  charge  shape  upon 
blasts  in  frozen  Keweenaw  silt.  Crater  blasts  in  rock  have  shown  that  a  given  quantity 
of  explosive  produces  a  larger  volume  of  excavation  from  blast  holes  of  the  same  depth 
as  the  diameter  of  the  hole  is  increased.  It  is  generally  assumed  that  a  charge  of 
spherical  shape  is  more  efficient  than  any  other  shape,  and  it  is  generally  assumed  that 
shape  influences  the  results  of  blasting. 


86 


EXCAVATIONS  TN  FROZEN  GROUND 


The  results  of  Blast  Test  B  suggest  an  explanation  for  the  increased  volume  of 
excavation  as  the  diameter  of  the  hole  is  increased,  or  as  the  charge  approaches  a 
spherical  shape,  that  differs  from  the  explanation  implied  in  the  preceding  paragraph. 

As  the  shape  of  a  charge  approaches  a  sphere  or  a  cylinder  of  height  equal  to  diameter, 
the  center  of  gravity  of  the  charge  is  lowered  in  a  hole  of  constant  depth.  The  lowering 
of  the  center  of  gravity  is  a  function  of  the  shape  and  results  in  an  increase  in  the 
depth  ratio.  An  increase  in  depth  ratio  results  in  an  increase  in  the  volume-utilization 
factor  or  a  decrease  in  the  proportion  of  the  total  energy  of  a  blast  that  is  wasted  to 
the  atmosphere. 

A  fundamental  difference  between  the  two  explanations  is  that,  if  improved  energy 
utilization  is  due  to  shape  alone,  various  values  of  C_,  the  stress-distribution  factor 
(see  Section  IV,  Item  2) ,  must  be  assigned  to  corresponding  shapes.  On  the  contrary, 
if  improved  energy  utilization  is  due  entirely  to  the  greater  depth  ratio,  then  the 
larger  volume  of  excavation  is  due  to  a  change  in  the  energy-utilization  number,  which 
is  solely  a  function  of  the  depth  ratio. 

Z.  Description 

Coalite  7S  was  selected  for  the  test  because  of  its  low  density.  The  depth  of 
center  of  gravity  of  explosive  was  held  constant  for  five  different  charge  shapes,  using 
the  critical  weight  of  Coalite  7S.  Thus,  the  depth  ratio  also  was  held  constant  at  1.0, 
the  point  of  maximum  energy-absorption  capacity  of  the  medium.  Starting  with  a 
height  of  charge  of  7*/2  in.  and  a  diameter  of  1  in.,  the  height  was  reduced  successively 
so  that  the  height  of  any  set  of  triplicate  blasts  equaled  one  half  of  the  height  of  the 
preceding  set.  The  diameter  of  the  blast  hole  was  increased  so  that  the  volume  of  the 
explosive  remained  constant  for  each  of  the  various  shapes  of  charge  and  equal  to  the 
volume  occupied  by  0.  242  lb  of  Coalite  7S. 

Figure  A- 17  is  a  data  sheet  which  summarizes  the  field  data  and  gives  the 
dimensions  of  the  charges  and  of  the  resulting  craters. 

It  is  difficult  to  appraise  the  shape  effect  because  of  the  slight  difference  in  blast 
damage  by  the  various  shapes.  The  possibility  exists  that  the  position  of  the  frozen- 
ground  interface  may  have  influenced  results  and  that  loss  of  gas  pressure  due  to  the 
mechanical  strength  of  the  stemming  material  in  holes  of  large  diameter  might  be  a 
factor. 

All  three  blasts  in  holes  1  in.  in  diameter  (height  of  charge  7  in.  )  failed  to 
produce  a  crater.  Likewise,  all  three  blasts  in  holes  4  in.  in  diameter  (height  of 
charge  7/|$  in.  )  failed  to  produce  a  crater.  A  charge  of  height  approximately  equal  to 
diameter  does  not  appear  superior  either  to  one  of  height  2  1  /2  times  the  diameter  or 
to  one  of  height  */j  the  diameter. 

One  might  interpret  the  results  to  indicate  that  neither  extremely  tall  charges  nor 
extremely  flat  charges  are  desirable,  but  that  little  difference  can  be  detected  within 
the  range  of  shapes  from  height  4  times  the  diameter  to  height  one-fourth  the  diameter. 

3.  Conclusions 

The  effect  of  charge  shape  is  so  slight  within  the  range  of  shapes  tested  and  under 
the  conditions  of  the  test  that  no  substantial  error  in  blasting  is  introduced  within 
limits  of  shapes  ranging  from  height  4  times  diameter  to  height  one-fourth  the  diameter. 
It  is  possible  that  the  range  of  charge  shapes  producing  equivalent  results  may  be 
greater  than  indicated,  but  it  seems  desirable  to  repeat  the  tests  in  greater  thicknesses 
of  frozen  ground  and  at  a  larger  length- scale  ratio.  It  seems  desirable  also  to 
determine  whether  the  observed  relations  hold  at  depth  ratios  other  than  1.0;  to 
extend  the  height-to-diameter  ratio  in  future  tests  to  perhaps  10  to  1,  provided 
sufficient  thickness  of  frozen  ground  is  available;  and  to  repeat  Blast  Test  F  with  a 
higher  velocity  explosive,  preferably  Atlas  60  Percent  Straight  Gelatin. 
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borehole  of  constant  depth  is  to  change  the  depth 
of  energy  utilized  by  the  medium  or  lost  into  the 
correlate  blasts  in  holes  of  various  diameters  at 
energy-utilization  number,  A,  should  be  applied 
Unless  the  contrary  is  proved  by  the  future  tests 
factor,  C,  seems  to  be  independent  of  the  shape 
the  interface  ratio  and  the  number  of  free-faces. 


of  changing  the  shape  of  a  charge  in  a 
ratio  and  thus  to  alter  the  proportions 
atmosphere.  In  any  attempt  to 
different  length- scale  ratios,  the 
before  an  attempt  is  made  to  correlate, 
suggested,  the  stress-distribution 
of  the  charge  and  dependent  only  on 
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Limitations  of  depth  of  freezing  imposed  by  the  test  site  and  limitations  of  time 
available  for  the  analysis  prevent  a  complete  analysis.  However,  more  information 
was  gained  than  was  originally  anticipated.  From  the  fundamentals  disclosed  in  the 
analysis  of  the  data,  it  seems  possible  to  correlate  blasts  in  various  materials  such 
as  soils  and  rocks  (and  possibly  underwater  explosions)  with  blasts  in  frozen  ground. 
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The  tests  were  restricted  to  4  types  of  commercial  explosives:  Atlas  80  Percent 
Straight  Gelatin;  Atlas  60  Percent  Straight  Gelatin;  Gelodyn  1;  and  Coalite  7S.  The 
phrase  "most  efficient  type  of  explosive"  as  considered  here  means  the  explosive  that 
has  the  most  advantages  for  blasts  in  frozen  ground  in  military  operations.  Of  the 
four  types  of  explosives  used  in  the  Keweenaw  Tests,  Atlas  60  Percent  Straight  Gelatin 
was  found  superior  to  the  other  types  because: 

1)  Except  for  Atlas  80  Percent  Straight  Gelatin,  less  explosive  was  required 
to  produce  a  crater  at  any  given  depth  (Fig.  70). 

2)  The  quantity  of  material  broken  per  pound  of  explosive  was  greater  (Fig.  68). 

3)  The  cost  of  explosive  per  cubic  foot  of  excavation  was  lower  (Fig.  69). 

The  moisture  resistance,  fumes,  cold  resistance,  and  ease  of  transporting  and 
handling  meet  the  specifications  for  blasting  in  frozen  ground  as  well  as  any  of  the 
other  types  of  explosives.  (See  Chapter  I,  Explosives  Selection.  ) 

The  question  immediately  arises:  <Vhy  recommend  an  explosive  that  has  both  a 
lower  weight  strength  and  a  lower  absolute  weight  strength  than  the  other  three 
Keweenaw  Test  explosives  ?  (This  question  is  particularly  pertinent  since  Du  Pont, 
Atlas,  and  Hercules  follow  the  practice  of  selecting  commercial  explosives  on  an 
absolute -weight- strength  or  execution -value  basis.  ) 

Straight:  Gelatin  explosives  have  the  peculiar  property  of  detonating  at  a  much 
lower  rate  when  unconfined  than  when  confined.  Probably  various  grades  of  Straight 
Gelatin  differ  in  velocity  in  a  manner  not  directly  in  proportion  to  the  blasting-gelatin 
content,  but  depending  also  upon  the  percentage  of  scdium  nitrate  present.  Sodium 
nitrate  in  various  combinations  with  blasting  gelatin  must:  be  responsible  for  the 
anomalous  behavior.  More  sodium  nitrate  is  added  to  Atlas  60  Percent  Straight 
Gelatin  than  to  Atlas  80  Percent  Straight  Gelatin.  Possibly  some  other  proportion 
of  ingredients  would  give  a  higher  confined  velocity  than  Atlas  60.  Perhaps  the  best 
proportions  more  closely  approach  a  zero  oxygen  balance  for  the  combustion  reaction 
at  high  pressure  (high  confinement). 

The  Keweenaw  Test  data  suggest  that  the  performance  of  an  explosive  is  related 
to  composition.  The  Commercial  Explosives  Classification  Chart  (Table  1)  is  based 


upon  com  posit  tic 
of  charge,  the  t 
Tests  are  direc 


>n.  It  does  not  seem  to  be. coincidence  that,  < 
:ritical  weights  of  the  various  explosives  dete 


at  any  particular  depth 
:  r  nn  i  me  d  i  n  t  h e  K.e  we  e  n  a  w 


itly  related  to  composition.  The  weight  is  least  for  the  explosive 


contains  the  least  number  of  additives  to  the  explosive  base  and  the  weigh 
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increases  as  the  number  of  additives  increases  or  as  the  percentage  of  nitroglycerine 
decreases.  It  appears  that  energy,  explosion  pressure,  velocity,  fumes,  and  moisture 
resistance  are  interrelated.  It  appears  also  that  the  effect  of  the  co-volume  of  the 
molecules  is  greatest  in  the  region  from  critical  weight  to  optimum  weight.  It  also 
appears  that  the  co-volume  of  the  molecules  is  related  both  to  composition  and  to 
performance.  Each  type  of  explosive  (Table  I)  and  each  grade  of  each  type  has  its 
own  "characteristic  curve.  "* 

The  difference  between  the  results  of  the  Keweenaw  Tests  and  the  results 
extrapolated  from  standard  explosives  testing  procedure  using  a  ballistic  mortar  and 
a  ballistic  pendulum  is  possibly  explained  as  follows: 

(1)  Ballistic-mortar  ballistic -pendulum  results  do  not  take  into  account  the 
physical  properties  of  the  medium,  particularly  its  energy-absorption  characteristics 
as  related  to  velocity,  energy,  and  impulse. 

(2)  Ballistic-mortar  construction  and  standard  procedure  do  not  allow  testing 
at  high  charging  densities.  At  high  charging  densities,  deviations  from  the  Perfect 
Gas  Laws**  require  correction  for  the  co-volume  of  the  molecules  as  in  the  F.  V. 
Brown  Equation.  *** 

(3)  It  is  well  known  that  velocity  of  detonation  increases  with  confinement.  The 
Keweenaw  Tests  (see  Chapter  III,  Blast  Test  B)  indicate  that  the  depth  ratio  is  a 
measure  of  confinement.  At  a  depth  ratio  of  0.  6  in  frozen  Keweenaw  silt,  the 
velocities  of  the  test  explosives  appear  to  coincide  with  velocities  determined  by 
standard  tests.  If  this  interpretation  is  correct,  the  data  indicate  velocity  increase 

as  the  depth  ratio  increases  above  0.  6.  Accordingly,  it  seems  desirable  to  reappraise 
present  procedure  for  measuring  the  confined  velocities  of  commercial  explosives. 

3.  Objective  2:  Fundamental  relation  between  weight  of  explosive  and  depth  of  charge 

vVhen  comparing  crater  blasts  in  various  materials  at  various  length-scale  ratios 
and  with  various  explosives,  it  is  usually  assumed  that  the  proportion  of  the  total 
energy  expended  upon  the  medium  is  the  same  for  each  blast.  This  assumption 
results  when  the  model  relations  are  expressed  in  an  equation  of  the  form: 

R  =  K  V  V 


where, 

R  is  radius  of  rupture,  ft. 

K  is  a  constant 

W  is  weight  of  explosive,  lb. 

The  view  adopted  here  is  that  K  is  not  a  constant  but  a  variable.  For  a  particular 
blast,  the  value  of  K  is  the  product  of  three  variables,  referred  to  here  as  the  ABC 
product.  The  author  expresses  the  model  relations  in  an  equation  applicable  to  blasts 
in  all  types  of  materials  with  all  types  of  explosives: 


N  =  ABCV  W 


*  The  "characteristic  curve"  referred  to  is  a  graph  of  volume -utilization  factors  at 
various  depth  ratios,  such  as  Fig.  68.  (See  also  Figs.  64,  65.  ) 

**  For  a  fuller  discussion,  see  Quarterly  of  the  Colorado  School  of  Mines,  vol.  46, 
no.  1,  (Jan.  1951),  p.  11-27. 

***  F.  W.  Brown  (1942)  Theoretical  calculations  for  explosives,  part  II:  U.  S.  Bur. 
Mines  Tech.  Paper  643. 
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where, 


JST  is  the  normal  distance,  ft,  measured  from  the  center  of 
gravity  of  the  charge  to  the  damage  surface  under 
observation. 

A  is  an  energy-utilization  number,  which  depends  on  the 
type  of  explosive  and  the  depth  ratio. 

B  is  a  rock  factor,  which  depends  on  physical  properties 
of  the  material  and  the  energy-absorption  capacity  of  the 
medium. 

C  is  a  stress -distribution  factor,  which  depends  on  the 
number  of  free-faces,  the  interface  ratio,  and  the  depth  ratio. 

W  is  weight  of  explosive,  lb. 

The  maximum  value  of  the  ABC  product  in  any  given  medium  (or  composite  of 
materials)  indicates  the  maximum  energy -absorption  capacity  of  the  medium  to  any 
given  explosive,  and  may  be  obtained  from  critical-depth  blasts.  The  experimental 
error  is  greater  at  small  scales  than  at  large  scales  because  of  limits  of  accuracy 
of  weighing,  measuring,  and  placing  small  charges,  and  because  of  surface  geologic 
features. 

Figure  70  shows  graphs  of  the  model-law  equations  at  maximum  values  of  the 
A  B  C  product  as  determined  from  critical-depth  blasts  in  frozen  Keweenaw  silt  at 
comparatively  small  scales.  Because  of  the  shallow  depth  of  freezing;  because  the 
rock  factor  is  sensitive  to  temperature  changes;  and  because  the  rock  factor  is 
different  for  charges  placed  below  rather  than  within  the  frozen  layer,  values  of  the 
ABC  product  should  be  measured  also  in  deeply  frozen  ground. 

With  these  limitations,  it  may  be  assumed  that  the  following  values  of  the  ABC 
product  are  a  better  indication  of  the  relative  "strength  capacity"  of  the  Keweenaw 
Test  explosives  than  any  other  measure  yet  devised. 


A  B  C  Product 

Atlas  80  Percent  Straight  Gelatin 

2.46 

A  tide  60  Percent  Straight  Gelatin 

2.  39 

Gelodyn  1 

Coalite  7S 

1.96 

1 .  63 

If  the  depth  of  charge  is  reduced,  all  other  factors  remaining  constant,  a  crater 
is  produced  and  the  numerical  value  of  the  ABC  product  is  reduced.  The  decrease 
depends  both  upon  the  explosive  and  upon  the  material,  but  is  due  to  a  decrease  in 
the  energy-utilization  number,  A.  Each  type  of  explosive  exhibits  its  own 
"characteristic  curve"  as  the  depth  of  charge  is  reduced.  (See  Fig.  65  and  68. ) 
Accordingly,  different  sets  of  numbers  must;  be  assigned  to  values  of  A  in  the  model 
equation  to  calculate  depth  of  crater,,  volume  of  crater,  or  radius  of  crater.  Each 
set  varies  as  a  function,  of  the  depth  ratio  ( ratio  of  depth  of  charge  to  critical  depth). 

Time  alloted  to  this  project  did  not  permit  calculation  of  various  values  of  A  for 
various  types  of  explosives  at  various  depth  ratios.  Moreover,  it  seems  undesirable 
to  do  so  with  limited  data  because  the  energy-utilization  number  may  be  widely 
applied  to  military  and  commercial  uses  involving  all' types  of  explosives.  At 
present,  therefore,  changes  in  the  values  of  A  must  be  inferred  from  Figures  65  and 
68  by  comparing  the  volume -utilization  factor  or  radius -utilization  factor  at  the  depth 
ratio  desired  with  the  respective  value  at  critical  depth  (depth  ratio  1, 0.  ) 

The  fundamental  relation  between  weight  of  explosive  and  depth  of  charge  is 
shown  in  Figure  69  by  comparing  blasting  costs  at  various  depth  ratios.  A  depth 
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observed  in  ^  depth‘  0ne  of  the  characteristics 

weight  causes  a  crater  to  be  formed  A  t  ltlcrease  weight  beyond  the  critical 

maximum  at  critical  weight  A^rtinriv  :har«terl?.tic  is  that  dispersion  is 

of  freezing  at  the  Keweenaw  Test sS  during ^h^n?erSof  !he  Shall°W  depth8 

to  obtain  sufficient  information  til  fmg  winter  of  1953-54,  it  was  impossible 

ratios  greater  than  0.  91  to  0.  93  *“  *** 

cubic  br°k'” *»>• » 

explosives  end  i,  tabulated  al  “ill"  ““  'f,1C‘"KS'"  <*  the  various  tes, 

Cost 

(cent/ft3) 

Atlas  60  Percent  Straight  Gelatin  1.  03 
Gelodyn  1  j  gQ 

Atlas  80  Percent  Straight  Gelatin  l’  96 
Coalite  7S  2>‘ 

At  <i  depth  ratio  of  0,  4,  the  cost  of  aHa«s  ao  *  c*  •  , 

are  the  same  and  the  relations  are  Straight  Gelatin  and  Gelodyn  1 

Cost 

( cent /ft3) 

Atlas  60  Percent  Straight  Gelatin  4.  6 
Atlas  80  Percent  Straight  Gelatin  5  5 
Gelodyn  1  c  r 

Coalite  7S  77 

As  the  depth  ratio  decreases,  costs  for  the  low-veWitv  avni-_-  . 
rocket  and  the  decrease  in  velocity  of  Atlas  IT  *  ,  Velo<;lty  explo81ves  begm  to  sky- 
Extrapolation  of  the  curves  Bii0o»oi  ..  ,  at  low  confinement  begins  to  tak<?  effect, 

Str-iioht  w  curvt'8  suggests  that,  at  depth  ratios  less  than  0  27  80  Percent 

Straight  Gelatin  becomes  more  effective  than  60  Percent  Straight  Gelatin 

surface  contact  shotsl^nd^irbursts /exlilafn/whv  hV}0  ^  ra"ge  °f  "pla8ter  aho‘>." 
for  shaped  charges  than  low-velocitv  exolosives  \ ru' tg Yeiocity  explosives  are  better 
should  have  been  used  for  the  foxhole  t  Vel*tlonS  8uS«e8t  that  Atlas  80 

rather  than  Gelodyn  1  construction  "plaster  shots"  (Blast  Test:  D) 

upon  cost  and  upon  e nergy Jitil^aU on^ nri v 'hi ' °  sp.ec^late  that  the  "rock-factor  effect" 
effect  "  if  XL  ,  tl0n  nitly  be  much  ‘he  same  as  the  "depth- ratio 

"hard  rocks."  It  might  be  desirable  in  r 8  a,nd  high-velocity  explosives  for 

cost  for  various  types  of  explosives  to  determine  th*lp°t  TT  fact?:r  again8t  explosives 
explosives  and  form  a  new  b.”.  f0“  viriou8  ‘VP«>  »t 

military  applications.  . 1  * mg  xplo81vea  for  both  commercial  and 

v  ?cp!lZ7sth;: M  dr and  »h-  tb» 


uned  to  obtain  the  informal 
low -velocity  explosive  is  g 


‘ion  summarized  in  Figure  72 . but  he  i, 

ts  ^  cr„m.r  as  Goalite  7b  (and  with  considerably  less  explosive). 

S  *nVbe^au§^  *° 


>eriou.  h«.rd  in  igloo- type  foxhole  construc^n' BU«T„t  f  n  , 

,”m’  d”,lrab,e  “  *««  M  i-  future  .,k„:v type  foxLie "  ' 
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The  fundamental  relations  between  volume  of  crater,  type  of  explosive,  weight  of 
charge,  and  depth  of  charge  for  blasts  within  the  frozen  layer  in  frozen  Keweenaw  silt 
are  presented  in  Figure  84.  For  example,  if  a  5-lb  charge  of  each  of  the  test  explosives 
is  placed  with  its  center  of  gravity  2.  0  ft  below  the  surface,  the  crater  volumes  to  be 
expected  will  be  as  follows: 


Type  of  Explosive 

Coalite  7S 
Gelodyn  l 
Atlas  80 
Atlas  60 


Volume  of  Crater 
(ft5) 

35 
33 
42 

36 


These  volumes  do  not  measure  the  effectiveness  of  the  explosive,  but  only  the 
skill  of  the  blaster.  A  skillful  blaster  would  increase  the  volume  of  excavation  with 
the  same  weight  of  explosive  by  placing  the  charges  at  the  following  depths 
(See  points  "0"  on  curves.  ): 


Type  of  Explosive 

Coalite  ?S 
Gelodyn  1 
Atlas  80 
Atlas  60 


Depth  of  Charge 
(ft) 

2.4 

3.0 

3.  8 

4.  0 


Volume  of  Crater 
(ft5) 

48 

58 

100 

120  (approx.  ) 


Obviously  under  battle  conditions  it  would  be  unwise  to  risk  a  camouflet  by  using 
too  small  a  weight  of  explosive.  Accordingly,  a  compromise  between’skill  and 
prudence  must  be  made,  and  the  charge  should  be  placed  at  a  lesser  depth,  for 
example  at  0.9  optimum.  Under  such  conditions  the  following  size  craters  may  be 
expected  with  a  5-lb  charge: 


Type  of  Explosive 

Coalite  7S 
Gelodyn  1 
Atlas  80 
Atlas  60 


Battle  Design 
Depth  (ft) 

2.  2 

2.  7 
3.4 

3.  6 


Volume  of  Crater 
(ft5) 

42 

49 

81 

96 


The  use  of  excess  explosives  in  blasting  foxholes  in  frozen  ground  has  the 
following  disadvantages  ( see  Blast  Test  B,  Ch.  HI,  Sec.""' 


I)  The  danger  of  being  struck  by  flyrock  is  increased.  To  reduce  the 
hazard,  the  distance  between  the  blast  firing  point  and  the  foxhole  must  be  increased. 

,  2)  The  greater  noise,  flyrock  travel -height,  and  flyrock  travel-distance 
helps  the  enemy  to  spot  the  position  where  foxholes  are  being  dug, 

3)  From  the  standpoint  of  logistics,  much  of  the  energy  of  the  explosion  ia 
wasted  at  shallow  depths  of  burial. 

In  addition,  excess  explosive  prohibits  igloo-type  foxhole  construction. 

If  the  practice  of  using  two  or  three  times  as  much  explosive  as  required  ia 
followed  in  spite  of  these  drawbacks,  the  use  of  60  Percent  Straight  Gelatin  Dynamite 
should  not  be  considered,  and  experiments  should  be  directed  towards  determining 
the  characteristics  of  various  high-velocity  explosives  (Military  Explosiv . s)  in  the 
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atlas  so  %  gelatin 


2  34  6010  c  34  68  10 

Crotar  Volume,  cubic  feet 


20  30  40 


A.  Depth  of  charge  vs.  crater  volume,  Atlas  80%  Gelatin 


Atlas  60  %  gelatin 

7  "I. . J . jr . . i . 1,  i  i . i.j  i  i  1 1 1.  .  ii  i  ,1  .  i,i, 

.2  .3  ,4  .6  .0  LO  2  3  4  6  8  (0  *0  SO"1 

Crotar  Voluma,  cubic  feat 

B.  Depth  of  charge  vs.  crater  volume,  Atlas  60%  Gelati 
Figure  84.  Volume  of  craters  m  frozen  Keweenaw  silt 
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GELODYN 


2  3  4  3  6  10  20  30  40 

Crater  Volume,  cubic  ft«t 


C.  Depth  of  charge  vs.  crater  volume,  Gelodvn  1 


Crater  Volume,  cubic  feet 

D.  Depth  of  charge  vs.  crater  volume,  Coalite  75. 
Figure  84.  Volume  of  craters  in  frozen  Keweenaw  silt 
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94  EXCAVATIONS  IN  FROZEN  GROUND 

range  of  depth  ratios  less  than  0.4.  {See  Fig.  68  and  also  opening  paragraphs, 
Chapter  I,  Section  I,  Introduction,  The  Problem.  ) 

I-  Objective  3:  Proper  position  of  charge  relative  to  the  frozen-ground  interface 


of  charge  relative  to 


Presumably,  the  proper  position  of  the  charge  relative  to  the  frozen-ground 
interface  is  that  position  at  which  the  volume  of  excavation  per  unit  weight  of  explosive 
is  maximum.  The  volume  of  excavation  per  unit  weight  is  maximum  at  the  optimum 
weight  (by  definition), 

At  the  optimum  weight  both  the  ABC  product  and  the  energy- utilization  number, 

A,  are  maximum. 

It  is  difficult  to  specify  the  proper  position  of  the  charge  relative  to  the  frozen- 
ground  interface,  because  too  many  factors  are  involved.  The  problem  must  be 
restated  as  follows: 

What  is  the  proper  position  of  the  charge  relative  to  the  frozen-ground  interface 
for  blasts  within  the  frozen  layer? 

I  ield  evidence  indicates  that  rupture  of  the  frozen-ground  interface  is  due  to 
downward  expansion  of  the  gas  bubble  and  to  plastic  deformation  of  the  frozen  ground 
below  the  explosive  charge.  Expansion  of  the  gas  bubble  may  be  compared  to  the 
blowing  up  of  a  toy  balloon.  If  blown  up  too  quickly,  it  ruptures  prematurely  If 
weak  spots  are  present,  the  balloon  bulges  into  odd  shapes. 

m.  ,  ?he,  effect  of  ruPture  of  the  frozen-ground  interface  is  illustrated  in  Figure  73. 
n reals: -  through  is  accompanied  by  a  rise  in  the  volume-utilization  factor,  due  to 
owermg  the  center  of  pressure  of  the  gas  bubble  and  increasing  the  interval  of  time 
thal  the  explosion  pressure  is  exerted  upon  the  medium  (impulse).  In  no  instance 
does  the  volume -utilization  factor  increase  above  that  at  depth  ratio  1. 0.  Thus,  at 
break-through  the  product  of  the  stress-distribution  factor  (which  expresses  the 
eiiect  of  the  frozen-ground  interface)  and  the  energy-utilization  number  approaches 
but  never  exceeds,  the  value  of  the  A  C  product  at  optimum  depth. 

According  to  the  Keweenaw  Test  data,  statements  that  the  proper  position  of  the 
charge  relative  to  the  frozen-ground  interface  ranges  from  an  interface  ratio  of  0.  60 
to  0.  i5  are  unfounded.  Instead,  break-through  and  rise  of  the  volume -utilization  * 
!acto:r  seem  to  be  related  in  a  complex  manner  both  to  the  depth  ratio  and  to  the 
interlace  ratio.  Moreover,  at  constant  interface  ratio,  the  depth  ratio  at  break - 
through  appears  to  differ  for  each  type  of  explosive.  Break-through  occurs  at  higher 
depth,  ratios  for  low-velocity  than  for  high-velocity  explosives. 

.  For.  bla8ts  111  shallow  depths  of  frozen  ground,  as  at  the  Keweenaw  Test  Site 
during  the  waiter  1953-54  it  is  most  difficult  to  separate  the  effects  of  break-through 

R 1  -  I'  " 8r h Unr mnte ![faCe  fr°m  *he  effects  of  break-through  of  the  surfac :  (See  '* 

...last  lest  U  Ch  III).  A  new  series  ol  experiments  must  be  conducted  in  deeply 
.Dozen  ground  before  numbers  can  be  assigned  to  the  stress -distribution  factor. 

1-  Objective  4:  Feasibility  of  fracturing  the  frozen  layer  by  placing  a  charge  in  the 

Placing  a  charge  in  the  unfrozen  material  below  the  frozen  layer  increas . .  the 

luck  factor  at  constant  weight  of  explosive,  thus  increasing  the  critical  depth  for  a” 

ch  a  rge  of  given  . . sight  At  a  given  depth  and  weight  of  charge  (see  Example  2  ‘Blast 

lest  C ) a  charge  placed  below  the  frozen  layer  produces  a  larger  volum . of  crater 

£“fn  lay«me  °bt:ai,ied  by  extraPolatinS  the  data  for  charges* placed  within  the 

#e  consider  that  the  increas . in  voltime  is  analog . us  to  the  difference  to  be 

expected  between  charges  placed  in  rock  and  in.  soil.  Thus  we  may  attribute  the 

increased  volume-  to . in  increas . »  in  the  rock  factor,  B,  rather  than  to  an  increase 

other  in  the  energy-utilization  factor,  A,  or  the  . . .  factor,  C, 

,.  The  . . .  0:f  Objective  No.  4  perhaps  implies  that  the  depth . .  the  chare . 

18  . . ed  t0  . . .  11  below  the  frozen  layer.  Increasing  the  depth  in . -eases  . . 

length -scale  ratio  of  the  blast  and  increases  the  weight  of  charg . as  a  function . .  . . - 
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cube  of  the  length-scale  ratio.  The  increase  in  weight  of  charge  would  result  in  an 
increase  in  volume  of  crater  independent  of  any  change  in  the  ABC  product.  The 
value  of  A  for  the  two  blasts  remains  constant  because  the  depth- ratio  remains 
constant.-  The  increase  in  volume  can  be  due  only  to  a  change  in  B  or  in  C  or  in  both 
B  and  C.  The  position  of  the  charge  within  the  frozen  layer  relative  to  the  interface, 
to  the  depth-ratio,  and  to  the  type  of  explosive  all  influence  the  value  of  C.  Accordingly, 
when  comparing  blasts  within  and  blasts  below  the  frozen  layer,  all  the  factors  must 
be  specified. 

The  comparison  made  here  assumes  that  the  blast  within  the  frozen  layer  does  not 
break  through  the  frozen-ground  interface  (C  remains  constant).  If  break-through  did 
occur,  it  is  doubtful  that  C  would  increase  appreciably  relative  to  the  increase  in  B 
for  charges  placed  deeply  within  the  unfrozen  material.  A  charge  placed  with  its 
center  of  gravity  precisely  at  the  frozen-ground  interface  presents  a  problem,  as 
downward  and  lateral  expansion  of  the  gas  bubble  occur  without  break-through. 
Presumably,  the  rock  factor  is  the  same  as  for  a  charge  slightly  above  the  frozen- 
ground  interface.  Presumably  also,  the  energy-utilization  number  cannot  exceed  the 
value  at  depth  ratio  1. 0. 

6.  Objective  5:  Effect  of  diameter  of  the  borehole  and  shape  of  charge  on  results  of 
blasting 

The  effect  of  charge  shape  was  explored  in  Blast  Test  F  (Chapter  III,  Section  VII). 
It  is  generally  assumed  that  the  shape  of  charge  influences  both  the  stress  distribution 
in  the  medium  and  the  shock  effects.  It  is  sometimes  assumed  also  that  the  shape  of 
a  charge  is  responsible  for  the  anomalous  behavior  of  measurements  of  strain, 
hydrostatic  pressure,  acceleration,  and  displacement. 

The  charge  shape  must  be  related  either  to  shock  effects  or  to  displacement 
associated  with  gas-bubble  expansion.  It  is  possible  here  only  to  appraise  the  effect 
of  shape  upon  gas-bubble  expansion,  since  the  shock  effect  (Chapter  III,  section  I) 
is  considered  to  be  relatively  unimportant  in  frozen  Keweenaw  silt. 

The  explanation  adopted  here  is  as  follows:  As  the  shape  of  a  charge  approaches  a 
sphere  or  a  cylinder  of  height  equal  to  diameter,  the  center  of  gravity  is  lowered  in  a 
hole  of  constant  depth  and  increasing  diameter.  The  lowering  of  center  of  gravity  is  a 
function  of  shape,  but,  more  important,  results  in  an  increase  in  the  depth  ratio. 

An  increase  in  depth  ratio  results  in  an  increase  in  volume -utilization  factor  (see 
Blast  Test  B)  or  a  decrease  in  the  proportion  of  the  total  energy  of  a  blast  that  is 
wasted  to  the  atmosphere. 

According  to  this  explanation,  the  shape  effect  can  be  expressed  by  the  energy- 
utilization  number,  which  is  a  function  of  depth  ratio  solely.  On  the  contrary,  if  the 
increase  in  energy  utilization  is  due  to  shape  also,  different  values  of  the  stress- 
distribution  factor,  must  be  assigned  to  corresponding  shapes. 

From  the  results  of  Blast  Test  F,we  consider  that  the  effect  of  shape  is  so  slight 
within  the  range  from  height  =  4 x  diam  to  height  =  \  diam,  at  constant  depth  of  center 
of  gravity,  that  no  substantial  error  in  blasting  is  introduced  by  ignoring  any  possible 
variations  in  the  value  of  C  due  to  a  shape  effect. 

It  seems  desirable  to  determine  whether  or  hot  the  results  are  valid  at  depth  ratios 
other  than  1.0;  to  extend  the  height-to-diameter  ratio  to  perhaps  10  to  1,  if  sufficient 
frozen  ground  is  available;  and  to  compare  results  using  a  high-velocity  explosive 
(Military  Explosive)  with  those  using  a  low-velocity  explosive  (Coalite  or  equivalent). 

Section  II.  Conclusions  and  Recommendations 
1,  Feasibility  of  using  explosives  for  constructing  foxholes  in  frozen  ground 

The  use  of  explosives  for  constructing  foxholes  in  frozen  ground  can  be  carried 
out  both  safely  and  economically  with  proper  blasting  techniques.  Improper  place¬ 
ment  of  the  charge  and  use  of  excessive  quantities  of  explosives  are  responsible  for 
the  poor  results  cited  in  D.  A.  Pamphlet  20-2011  and  in  Exercise  Eager  Beaver 
1.  Department  of  the  Army  (1951)  Military  improvisation  during  the  Russian  campaign, 
DA  Pamphlet  20-201,  Historical  Study. 
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1952). 


(Combined  United  States -Canadian  Engineer  USER  Trial  1951 

soil  T%T  tcuon«nti^al  crater-type  foxholes  be  constructed,  but  in  certain 

can  be  made  An’  f  T?  gr° Ind  ifJ  not  to°  Sreat<  igloo- type  foxholes 

bv  a  co^rolled  evnf  r  yP,e  foxhote\la  ,one  ln  which  the  frozen  ground  is  domed  up 
,X  a  explosion,  leaving  a  hole  m  the  roof  and  a  cavity  below 

(See  Chapter  III,  Section  IV,  Blast  Test  C). 

Further  experiments  in  foxhole  construction  should  include  several  varieties  of 
military  explosives  and  at  least  two  types  of  commercial  explosive, 

2.  Methods  of  placing  the  charge 

to  alfthl  condtfilnrfn  t S 1  fle  tC!  develop  one  lVPe  of  drilling  rig  that  is  ideally  suited 

of  drilling mua  be  iiltd  l”  V?nou.s  typeS  of  frozerl  8round-  Various  methods 

ot  arming  must  be  used  for  boles  ol:  various  sizes  and  depths.  The  tv»e  of  eouinment 

used  m  the  Keweenaw  Tests  (see  Chapter  I,  Section  II,  Blast-Hole  Drilling)  Is 
»“yf°r  reSearChpUrp0SeS  but  P™baWy  bi  i ni p r ove d ^u p  o n ^ n  ”10 il i ta r y 

U8ing  ShapCd  Charge8  for  construCting  a  foxhole  were 
discouraging.  Before  further  investigation  of  shaped  charges,  it  is  recommended: 

Test  D  KSing  ha?d  augf”  and  sta<?e  bla8^g  described  in  Blast 

be  developed  and  tested*;11  V)  ^  l"VeStlgated  further  ‘ba‘  various  types  of  augers 

of  release^usinl^ir^ 7  inert;bo,.rib  drop8  be  made  from  certain  specified  altitudes 
0  rUfca8t.*  U8in8  certain  specified  sizes  of  bombs,  in  order  to  determine  nenetr-.tin« 

SZSSSZS&Tl  srrd;  WT  t viow  loward  «•  S  “ T 

where^ ^convent  on! 1  drill  igloo-type  foxholes  under  battle  conditions, 

ncrt  conventional  drill  rigs  might  be  impracticable, 

3.  Mechanics  of  crater  formation 

Thi  Athe0I7  of  “ater  formation  for  blasts  in  frozen  ground  has  gradually  evolved 
This  theory  is  essentially  a  continuation  of  Livingston's  observations  on  the 
mechanics  of  rock  failure  for  crater  blasts  in  various  types  of  rocks  and  for  craters 
produced  by  impact  and  penetration  of  bombs  into  rock.  The  theorv  (Ch  m  Se  ti \  n 

exm  osTon'  and  (2>  “xpansions  of  the  gas  bubble  produced  by  the  “ 

explosion,  and  (3)  rupture  of  the  surface  and  of  the  frozen-ground  interface  and  the 

conversion  of  the  remaining  energy  of  the  explosion  to  forms  unrelated  to  the  volume 
a  mulUtiXof  dhffereitatvDe!  °i  T  perhapB  nece88arV  for  application 'to  " 

p.C.  ..i»tdt":rymp:n„trur  • bui  mos' future  bia,tme  *■ 

jL _ The  crater  equation 

The  view  is  adopted  here  that  blasts  in  various  types  of  frozen  ground  md  in 
e  quatioif  of  ^  WiW“  °‘  “pIoSiv"  *">  «>■«»«>  ^  « 


N  =  A  B  C  sfW 

The  equation  is  discussed  in  Chapter  111,  Section  IV -2  and  Chapter  IV,  Section  1-2. 

It  is  recommended  that  future  blasts  in  frozen  ground  be  directed  towards: 

(a)  expressing  the  energy-utilization  number,  A,  as  a  function  of  nth  »tin 

and  if  charge  shape;  ~  xuncuon  ot  depth  ratio 

.  (b)  expressing  the  rock  factor,  B,  as  a  function  of  . . .  physical  nrooerties  n,f 

Vellums  types  of  frozen  ground  at  various  temperatures  and  a*  a  function  of  the'  . 

1:1-— _ °f  the  frozen  layer  r to  the  depth  of  the  charge*  . . 

J  See  Boyd  W.  K.  (  1953)  Minutes,  Consultant's  Conference’  on  Excavation . in 

frozen  ground,  10  November,  1953.  '  — - —i . IS. 
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( e)  expressing  the  stress-distribution  factor,  C,  as  a  function  of  the  interface 
ratio  and  of  the  depth  ratio;  “  c  ' 


(d)  investigating  further  the  effect  of  the  charge  shape  and  of  the  number  of 
free-faces  upon  the  stress-distribution  factor. 


5.  Future  instrumentation 


with  fundTmlntlls  TtTiUlL°!  I'""'  Kew*enaw  Tests>  sufficient  progress  has  now  been  made 
th  fundamentals  to  institute  a  moderate  program  of  instrumentation  directed  primarily 

towards  developing  suitable  equipment  and  techniques  for  obtaining  measurements  of: 


(a)  fly  rock  travel-height  and  flyrock  travel-distance, 

(b)  borehole  pressure, 

(c)  hydrostatic  pressure  and  impulse. 

Classification  of  explosives 


is 


v‘S  inescapable  that  performance  of  commercial  explosives  is 
related  to  composition.  The  Commercial  Explosives  Classification  Chart:  (Table  I) 
arranged  in  order  of  composition.  Present  procedure  of  selecting  commercial 
explosives  upon  an  absolute -weight-strength  or  execution-value  basis  and  present 

procedure  tor  measuring  the  velocity  confined  are  perhaps  in  error,  or  un  ultable  for 
our  purposes,  and  should  be  re-appraised.  unsuuaoie  tor 


.  A. classification  procedure  based  upon  oxygen  balance  and  composition  should  be 

* be  «*>■*» 


A  survey  of  the  literature  should  be  conducted,  and  all  information  relevant  to 

veTockv  ofPderUrte’  exPlo.slon  temperature,  oxygen  balance,  combustion  reactions, 
velocity  of  detonation,  and  energy  of  explosion  should  be  analyzed. 

.1: _ Correlation  of  blast  data 


in  sons  and  rorks  R  h  KT  vanous  blastinS  ^search  projects  conducted 

of  h.  w  hhktf  Lm8  dr,,ra?le  10  compute  and  analYz*  a®  much  as  possible 
uli  7,fin  1  bl  »  d  ii mUCh ,U  re  1  lnformatlon  pertaining  to  variations  in  the  energy- 
obtained011  nUmber’  the  rock  tactor>  and  the  stress -distribution  factor  should  be 
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Reproduced  by 

DOCUMENT  SERVICE  CENTER 

KNOTT  BUILDING,  DAYTON,  2,  OHIO 


This  document  is  the  property  of  the  United  States  Government.  It  is  furnished  for  the  tin  - 
ration  of  the  contract  and  shall  be  returned  when  no  longer  required,  or  upon  recall  by  ASTI A 
to  the  following  address:  Armed  Services  Technical  Information  Agency, 
Document  Service  Center,  Knott  Building,  Dayton  2,  Ohio. 


OTHER  DRAWINGS>  specifications  or  other  data  * 

THAN  m  CONNECTION  WITH  A  DEFINITELY  RELATED 
*  S3  OPERATION,  THE  U.  S.  GOVERNMENT  THEREBY  INCURS 
™  OBLIGATION  WHATSOEVER;  AND  THE  FACT  THAT  THE 

?Hi!™LrED’  BURNISHED,  OR  IN  ANY  WAY  SUPPLIED  THE 
SPECIFICATIONS,  OR  OTHER  DATA  IS  NOT  TO  B  2  REGARDED  BY 

tooo^IION  °R  OTHERWISE  AS  IN  ANY  MANNER  LICENSING  THE  HOLDER  OR  ANY  OTHER 
OR  CORPORATION,  OR  CONVEYING  ANT  RIGHTS  OR  PERMISSION  TO  MANUFACTURE 
USE  OR  SELL  ANY  PATENTED  INVENTION  THAT  MAY  IN  ANY  WAY  BE  RELATED  THERETO. 


UNCLASSIFIED 
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